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  Nitrogen (N) is a primary limiting nutrient in all ecosystems.  Therefore, a thorough 
understanding of N cycling processes in forest ecosystems is required to minimize N 
losses to fire, harvesting, and other forms of land management.  The influence of fire, fire 
exclusion and forest restoration treatments on non-symbiotic N-fixation in the forest 
ecosystem has been poorly studied.  Over the past 100 years, fire has been greatly 
excluded from low elevation, fire maintained forests as a result of active fire suppression 
as well as land management activities that create discontinuities in landscape fire 
patterns.  Previous studies have shown this activity to inhibit recolonization of sites by 
symbiotic N-fixing plant species.  The lack of these important N fixing species may make 
non-symbiotic, free-living N fixing bacteria a more important source for N recovery in 
these forest ecosystems following disturbance.  Recent studies also suggest that free-
living N-fixing bacteria colonizing decomposing woody roots have the capacity to fix 
large amounts of N.  The purpose of these studies was to investigate the effect of fire, fire 
exclusion, and forest restoration on the N contribution of non-symbiotic N-fixing bacteria 
(colonizing soil, woody roots, and soil crusts) to the forest ecosystem and how their 
contribution compares to symbiotic N-fixers in Western Montana. Studies were 
conducted in the laboratory and at numerous field sites throughout western Montana.  In 
order to determine the N-fixation activity of organisms in these systems, we used the 
acetylene reduction technique.  Neither time since fire, nor restoration treatment had any 
direct influence on free living N-fixation in soil or woody roots.  Moisture and N 
availability were the potent drivers of free living N-fixation in western Montana.  
Nitrogen-fixation rates were low in decomposing woody roots in these ecosystems and 
woody roots do not contribute a significant amount of N to low elevation ponderosa 
pine/Douglas-fir forests in western Montana. Free-living N-fixing bacteria in soils were 
found to make a significant, yet modest N contribution to the forest ecosystem.  Nitrogen 
demand by trees and shrubs are being maintained by residual soil organic N, symbiotic N 
fixation, and wet and dry N deposition in the Inland Northwest. 
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CHAPTER 1: NITROGEN-FIXATION IN INLAND NORTHWEST PONDEROSA PINE/DOUGLAS-
FIR FORESTS  
 
ABSTRACT 
In fire maintained forest ecosystems of the Inland Northwest, nitrogen (N) 
fixation may to be especially important in the replenishment of N lost through wildfire or 
prescribed fire.  Symbiotic N fixers can fix a large amount of N (1-160 kg N ha
-1
 yr
-1
) if 
they are present and actively fixing, but with fire suppression and increased time since 
last fire in many ecosystems, the abundance and diversity of these species are apparently 
reduced.  Free living N-fixing bacteria also contribute N to ponderosa pine/Douglas-fir 
forests in western Montana, but generally not in large quantities.  Several sources of free 
living N-fixation have not been previously explored in these ecosystems including woody 
roots and soil crusts.  Nitrogen-fixation rates associated with decomposing woody roots 
have recently been found to be high in old growth forests of the Pacific Northwest and 
significantly greater than other sources of free living N-fixation in interior British 
Colombia.  These substrates may play a role in N recovery following disturbances in 
western Montana.  The effects of forest management and time since fire on free living N-
fixing bacteria colonizing these substrates will be examined further in Chapter 2 and 3. 
 
INTRODUCTION 
 
 Nitrogen is a primary limiting nutrient in western Montana ponderosa pine (Pinus 
ponderosa)/Douglas-fir (Pseudotsuga menzesii var glauca) ecosystems (DeLuca and 
Zouhar, 2000; Vitousek and Hobbie, 2000; Hicks et al., 2003), and an extremely 
important nutrient for plant growth and function.  This limitation is due to the high plant 
demand for N, the small pool of available inorganic N available in the soil at any given 
time, slow N turnover rate, N losses due to leaching, timber harvest and fire, and the 
inability of plants to assimilate dinitrogen gas (N2) directly from the atmosphere (Binkley 
et al., 2000).  Timber harvesting and burning result in a significant loss of N from an 
ecosystem (Wei et al., 1997; DeLuca and Zouhar, 2000; Johnson and Curtis, 2001).  
Timber harvest alone may result in the export of more than 500 kg N/ha (Jurgensen et al. 
1997); therefore, it is vital for forest managers to know the amount of N stored in the 
ecosystem, and how N is replenished following forest management practices.  Nitrogen-
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fixation is the largest contributor of N into temperate and boreal forest ecosystems, where 
it is primarily stored in the soil humus pool and in living biomass (Tamm, 1991). 
In fire-maintained forest ecosystems of the Inland Northwest, N-fixation is 
thought to be especially important in the replenishment of N lost through wildfire or 
prescribed fire (DeLuca and Zouhar, 2000; Wei and Kimmins, 2003).  Unfortunately 
there is a dearth of information on N inputs in ponderosa pine/Douglas-fir forests.  Forest 
managers have practiced fire suppression for over 100 years in western Montana, leading 
to an altered ecosystem environment (Barrett and Arno 1982; Gruell et al., 1982; Arno et 
al., 1995).  Historically low elevation ponderosa pine forests burned on a fire return 
interval between 5 and 30 years (Arno et al., 1995). These fires were the result of both 
natural occurrences, such as lightning, and Native American initiated burns which played 
a large role in shaping the landscape in western Montana (Barrett and Arno, 1982).  Low 
elevation pure ponderosa pine stands had an open, park like structure.  However, after 
100 years of fire exclusion, timber harvesting, and road development, major changes 
occured in terms of forest health and productivity due to changing stand structure (Arno 
et. al. 1995).  Stands once dominated by large ponderosa pine with an open grassy 
understory are changing to stands with abundant, small Douglas-fir trees and shrubs 
(Gruell et al., 1982), creating an environment subject to large stand replacing fires (Arno 
et. al. 1995).  Fire suppression and timber management can alter nutrient cycling and 
specifically reduce the N contribution by symbiotic N fixing plant species in western 
Montana ponderosa pine/Douglas-fir ecosystems because these plants generally require 
the type of open forest structure facilitated by more frequent fires (Hendricks and Boring, 
1999; Newland and DeLuca, 2000).  Given that N is a primary limiting nutrient, and that 
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these forests must regenerate following fire, it is not clear where N will come from to 
replace that lost during fire events.  These forests tend to regenerate following 
disturbance, but it is not clear where the N is coming from if in the past the main N 
replacement following fire seemed to be from symbiotic N-fixation.  
 Our knowledge of the effect of fire or fire exclusion on N inputs into ponderosa 
pine/Douglas-fir ecosystems in western Montana is limited (Newland and DeLuca, 2000).  
Predicting N cycling following fire is difficult because of the complex relationship 
between pre- and post-fire conditions (Smithwick et al., 2005). Numerous studies have 
examined N cycling including N mineralization and N loss following disturbance in these 
ecosystems in western Montana (Zouhar and DeLuca, 1999; DeLuca and Zouhar, 2000; 
Choromanska and DeLuca, 2001; Choromanska and DeLuca, 2002; Gundale et al., 2005, 
2006; MacKenzie et al., 2004, 2006; DeLuca and Sala, 2006), but none examined the 
sources of N and how N is replenished following disturbance.   
Over time, N accumulates in the soil organic matter pool (Fisher and Binkley, 
2000), and without significant loss, this pool can adequately supply the N that pine 
forests demand, which is about 30 kg N ha
-1
 yr
-1
 (Tamm, 1991).  But an ecosystem’s 
large N pool accumulated through time can be lost due to disturbance.  There are several 
mechanisms by which N can be replenished in an ecosystem.  Jurgensen et al. (1992) 
explain four ways: (1) Dry and wet deposition of N, which in areas of high N emissions 
can exceed 20 kg N ha
-1
 yr
-1
; (2) Fertilization; (3) Symbiotic N-fixation by legumes and 
non-legumes; (4) Free living N-fixing bacteria. Fertilization is expensive (Fisher and 
Binkley, 2000) and is not a common practice in forests in western Montana.  Nitrogen 
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contribution from precipitation in western Montana is generally between 0.5 and 2 kg N 
ha
-1
 yr
-1
 (Jurgensen et al., 1992).  Therefore, the focus of this research was N-fixation.  
This chapter provides a review of the known N sources in Inland Northwest ecosystems, 
either through symbiotic N-fixation or through free living N-fixation.  Additionally this 
chapter will examine some N sources previously unexplored in these ecosystems.   
Methods 
 Using percent cover of N-fixing plant species collected previously from two 
separate study sites as well as percent cover data collected from a set of chronosequence 
sites, we found that N-fixing plant cover is low in low elevation western Montana 
ponderosa pine/Douglas-fir forests.  At each of the 10 chronosequence sites set up in 
western Montana ponderosa pine/Douglas-fir forests (Chapter 2), 10, 132 foot vegetation 
transects were walked, except at the Lake Como burned site, where 20, 66 foot transects 
were walked.  Nitrogen-fixing plant species were identified (Table 1.1) and aerial 
coverage was estimated on each plant within 15 feet of either side of each transect.  
When estimating cover of sparse vegetation, transects are effective in capturing more 
species (McCune and Lesica, 1992).  At the end of each transect, a 45 degree left turn 
was taken if a coin flipped heads and a 45 degree right turn was taken if a coin flipped 
tails.  At some points a 45 degree left or right turn was not possible because of the 
presence of a road, in which case a 90 degree turn was taken and several paces were 
taken before measuring percent cover to avoid overlap from the last transect.  A total of 
39,600 square feet of area was examined for N-fixing plant species cover at each site.  
Data were analyzed using the non parametric Mann-Whitney U test in SPSS 10.0.   
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Table 1.1: Leguminous and non-leguminous symbiotic N-fixing plant species found in 
three studies (Gundale et al., 2005; DeLuca and Sala, 2006) in western Montana 
ponderosa pine/Douglas-fir forests 
Non-leguminous species Leguminous species 
Shepherdia Canadensis Astralagus spp. 
Ceanothus velutinus Lupinus spp. 
Purshia tridentata   Oxytropis spp. 
Alnus spp.   Trifolium spp. 
      Vicia spp.   
 
Biological N-fixation 
Biological N-fixation can only be carried out by diazotrophic bacteria, which 
reduce dinitrogen gas (N2) to ammonia with the nitrogenase enzyme (Postgate, 1998).  
Three groups of N-fixing bacteria are known:  (1) Symbiotic N-fixers that live an obligate 
arrangement with host plants (legumes and actinorhizal species) or with fungal partners 
(lichen); (2) Associative N-fixers, which associate with plant roots or leaves; (3) Free 
living N-fixers, which fix N on their own without forming a relationship with a host plant 
(Postgate, 1998; Stevenson and Cole, 1999). Today 12 genera of N-fixing bacteria that 
form symbiotic relationships with legumes are recognized: Rhizobium, Allorhizobium, 
Sinorhizobium, Ensifer, Mesorhizobium, Bradyrhizobium, Blastobacter (denitrificans), 
Methylobacterium (nodulans), Devosia (neptuniae), Burkholderia, and Ralstonia 
(taiwanensis) (Sawada et al., 2003).  Lupinus spp. is an example of an important genus of 
leguminous N-fixing plants commonly found in Montana (Jurgensen et al., 1991).  The 
N-fixing bacteria in the genus Frankia form symbiotic “actinorhizal” relationships with 
many non-leguminous plants (Fisher and Binkley, 2000), such as Shepherdia canadensis, 
Ceanothus sanguineus, and Purshia tridentata in western Montana (Jurgensen et al., 
1991).  Generally leguminous N-fixers are more readily found in tropical ecosystems, 
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whereas non-leguminous N-fixers are more common in temperate ecosystems (Dawson, 
1983; Vitousek et al., 2002).  Free living N-fixers include heterotrophic aerobic bacteria 
including Azomonas, Azotobacter, Beijerinckia, and Azospirillum, and anaerobic bacteria 
such as Clostridium and Desulfovibrio (Fisher and Binkley, 2001).  Some phototrophic 
bacteria fix N, including the cyanobacteria, which can live freely or in intimate 
association with higher and lower plant forms (Meeks, 1998; Rai et al., 2000).    
The process of N-fixation is an energetically expensive process whereby 
symbiotic bacteria acquire energy from the host plant.  This relationship allows the plant 
to receive essential N from the bacteria in exchange for nutrients and carbohydrates 
(Postgate, 1998).  Free living cyanobacteria have their own photosystems to attain 
energy, while heterotrophic N-fixing bacteria obtain energy from decomposition (Fisher 
and Binkley, 2000).  The nitrogen fixing enzyme, nitrogenase, is a complex of two 
metaloproteins, requires 16 ATP to reduce one molecule of N2 gas into two molecules of 
NH3 (Postgate, 1998) or about 35 kJ per mole of N fixed (Fisher and Binkley, 2000).  
Rastetter et al. (2001) point out that due to the expensive nature of the process, N-fixation 
only occurs under favorable conditions such as high CO2 in the atmosphere, an open 
canopy creating high light conditions, soil already colonized by fine roots, and low 
availability of inorganic N.  If most of these factors are present, N-fixation costs are less 
than N uptake costs (Rastetter et al., 2001).  The process of N-fixation also requires 
anaerobic conditions because oxygen irreversibly inactivates the nitrogenase complex, so 
organisms that fix N are either under naturally occurring anaerobic conditions or create 
internal anaerobic environments, in nodules or via constant respiration in heterotrophic 
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bacteria (Postgate, 1998). Moisture and supplies of certain nutrients such as P, Mo, Fe, 
Co, Mg, and Ca are also vital to N-fixation (Fisher and Binkley, 2000; Son, 2001). 
Symbiotic N-fixation 
Symbiotic N-fixers are widespread throughout temperate ecosystems, but how 
much N is actually fixed by symbiotic N-fixing plant species is relatively unknown 
(Jurgensen et al., 1991), especially in western Montana ponderosa pine/Douglas-fir 
forests.  Measuring N-fixation in these plants is inherently difficult (Vitousek et al., 
2002), because on site measurements tend to be laborious and disrupting the system to 
take measurements in the laboratory may expose the hydrogenase enzyme to oxygen 
(Weaver and Danso, 1994).  Most of the symbiotic N-fixation rates in this chapter come 
from research conducted in areas surrounding western Montana including Idaho, Oregon, 
Washington and Southern British Columbia, Canada.  Cleveland et al. (1999) revealed 
average rates of N-fixation by symbiotic understory legumes in temperate coniferous 
forest ecosystems of 7.3 kg N ha
-1
 yr
-1
.  Depending on species present, percent cover and 
geographical location, this N-fixation rate could range widely between 1 and 160 kg N 
ha
-1
 yr
-1
 (Cleveland et al., 1999).  Ceanothus spp. was reported to add 7-75 kg N ha
-1
 yr
-1
 
in Oregon but this depends on percent cover and age (Jurgensen et al., 1997).  With 
increasing fire intensity, Ceanothus cover tends to be greater (Noste and Bushey, 1987).  
Youngberg and Wollum (1976) reported rates on average of 70 kg N ha
-1
 yr
-1
 over a 10 
year period following wildfire and subsequent salvage logging at a study site in central 
Oregon.  Johnson et al. (2005) estimated post-fire N-fixation rates from Ceanothus 
cordulatus between 10 and 40 kg N ha
-1
 yr
-1
 since a fire in 1981 at their study site in the 
Sierra Nevada Mountain Range.  Lupinus and Shepherdia may fix only about 3 kg N ha
-1
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yr
-1
 on similar sites in Oregon (Jurgensen et al., 1997).  In logged lodgepole pine stands 
in southern British Columbia, Lupinus arcticus was found to fix only around 2 kg N ha
-1
 
yr
-1
, while Shepherdia canadensis fixed just under 1 kg N ha
-1
 yr
-1
 (Hendrickson and 
Burgess, 1989).  Alnus spp. have been estimated to fix between 60 and 200 kg N ha
-1
 yr
-1
 
in dense stands, and many tree species have increased growth when planted near Alnus 
spp. (Dawson, 1983).  On the other hand, N-fixing plants, though present, may not be 
fixing N all the time (Jurgensen et al., 1991), because inorganic N availability may be 
high, essential nutrients for N-fixation may be lacking in the ecosystem, or moisture 
limitations may exist (Rastetter et al., 2001). Symbiotic N-fixers have been insufficiently 
studied in the Inland Northwest.  This oversight is important because these organisms 
contribute the majority of N to temperate forest ecosystems (Cleveland et al., 1999).  
In late successional stands, N-fixers are not a significant component of most 
forest understories, comprising less than 10% of total plant cover (Jurgensen et al. 1991, 
1997).  Lupinus spp. growing in mature stands were estimated to fix less than 1 kg N ha
-1
 
yr
-1
 (Jurgensen et al., 1991). Newland and DeLuca (2000) also found that native N-fixers 
in forests in western Montana generally were less than 1% cover.  There may be several 
reasons for their low cover.  Mineralizable N increases over time, which may deter N-
fixers from colonizing sites (Newland and DeLuca, 2000).  Additionally the highest 
amount of available N is found in undisturbed sites and these sites have the lowest 
amount of N-fixers (Newland and DeLuca, 2000).  Other reasons why N-fixers are not 
found in these late successional sites may be the great amount of energy required to fix 
N, nutrient limitations (Fe, Mo, and P), or competition (Rastetter et al., 2001).  A 
combination of reduced light, fire exclusion, competition, and nutrient limitations that 
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reduce symbiotic N fixing plants competitive advantage could increase stress and reduce 
activity in these plants.  Pearson and Vitousek (2002) found N fixers were less common 
on sites limited in P; Grove and Malajczuk (1992) found similar results and after P 
fertilization, N-fixation increased.  Once the canopy closes, and there is competition from 
other overstory plants, the energy costs of N-fixation exceed that of N uptake (Rastetter 
et al., 2001).  Nitrogen fixing plants are generally facultative N-fixers so in high N 
environments, fixation rates decrease.  
Symbiotic N-fixation Following Fire 
Many herbaceous symbiotic N-fixing plant species in the Inland Northwest are 
fire-adapted or fire-dependent species and help replenish the ecosystem with N following 
fire or other disturbances (Newland and DeLuca, 2000).  Ceonothus spp. seeds may lie 
dormant in forest litter for up to 200 years (Noste and Bushey, 1987) until activated by 
fire and subsequent cold stratification, resulting in increased germination and growth 
following disturbances such as clearcutting or burning (Youngberg and Wollum, 1976; 
Johnson et al., 2005).  Generally symbiotic N-fixing plants are not a major component of 
mature forests in the Inland Northwest, normally with coverage of less than 10 percent 
(Jurgensen et al., 1997).   
Stickney (1986) found Lupinus spp. and Trifolium spp. cover increases following 
fire and showed declines several years following fire in western Montana.  Noste and 
Bushey (1987) found Ceanothus velutinus to increase following moderate to severe fire, 
but because these are not shade tolerant species, the plants die out quickly as the canopy 
closes.  These researchers also reported that Purshia tridentata and Shepherdia 
canadensis, both N-fixers that resprout from root crowns or dormant buds, increase 
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following lower severity fires.  Consequently, Noste and Bushey (1987) described both of 
these species as fire dependent.  Both leguminous and non-leguminous N-fixing plant 
species commonly display this trend in many ecosystems across the world ( Towne and 
Knapp, 1996; Hendricks and Boring, 1999; Hainds et al., 1999; Oakley et al., 2003; 
Johnson et al., 2005; Casals et al., 2005; Lajeunesse et al., 2006;).  Without fire as a 
frequent disturbance in these ecosystems, fire dependent symbiotic N-fixing plant species 
may not be able to colonize sites and provide a vital source of N to the ecosystem after 
fire finally returns to shape the forest dynamic.   
 No significant differences were found between burned and unburned sites with 
regard to percent cover of N-fixing plant species at the chronosequence sites (Figure 1.1).  
Percent covers were low, averaging around 0.5 percent.  This is concurrent with results 
found by Newland and DeLuca (2000), except that they did find a significantly greater 
percent cover in burned sites versus unburned sites.  These researchers also found that 
repeated opening increased percent cover of N fixing plants (Newland and DeLuca, 
2000).  However, at another group of sites in western Montana and Northern Idaho 
wilderness areas in which unburned sites were paired with multiple burned sites (DeLuca 
and Sala, 2006), percent cover of N-fixing plants was not significantly different between 
unburned and multiple burn stands (Figure 1.3).  Similarly, percent cover of N-fixers did 
not correlate with time since fire at the chronosequence sites (Figure 1.2). 
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Figure 1.1: Percent cover of symbiotic N-fixing plants at 10 chronosequence sites in 
western Montana, burned versus unburned, nonparametric Mann-Whitney U test, ns, 
error bars represent standard error, n=4 for burned and n=6 for unburned. 
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Figure 1.2: Percent cover of symbiotic N-fixing plants versus time since fire (years) at 10 
chronosequence sites in western Montana, uncorrected Pearson correlation, ns (r=0.201). 
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Figure 1.3:  Percent cover of symbiotic N-fixing plant species at unmanaged forests in 
Western Montana and northern Idaho Wilderness areas that had been unburned or 
experienced multiple fires over a 130 year period, nonparametric Mann Whitney U test 
for differences, ns, error bars represent standard error, n=7. 
 
 At Lubrecht Experimental Forest in western Montana (see Chapter 3 for site 
description), percent cover of all vegetation was collected in a previous research project 
(Metlen and Fiedler, 2006).  Research was conducted in a replicated randomized block 
design (n=3) in order to explore how forest management, more specifically fire and 
timber harvesting, affected vegetation richness, evenness, and cover (Metlen and Fiedler, 
2006).  Nitrogen-fixer percent covers were generally low and only significantly greater in 
the thin treatment compared with the burn and thin/burn treatments (Figure 1.4, 
unpublished data).  No treatments had significantly different covers from the control.  
Metlen and Fiedler (2006) found that the thin/burn treatment created more abundance and 
richness of native plant species in the area, along with lower conifer cover.  
Unfortunately, this mix of species did not include many N-fixing plant species (Figure 
1.4), which could result because although this area was recently managed, prior to this, 
 13 
the area had not experienced fire in over a century, and symbiotic N-fixing plant species 
may rely heavily on repeated disturbances for adequate regeneration.   
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Figure 1.4: Percent cover of symbiotic N-fixing plants in fire surrogate treatments at 
Lubrecht Experimental Forest (Metlen and Fiedler, 2006), nonparametric Mann Whitney 
U test for differences, different letters indicate significant differences (p=0.05), n=3. 
 
 At all of the sites previously mentioned, the percent covers of N-fixing plant 
species were generally low, with most falling below one percent.  Vegetation data was 
collected in late summer at the chronosequence sites; many N-fixing plants were dead, 
which could affect the estimation of aerial coverage.  Even assuming one percent cover, 
these sites would yield a total N contribution of about 2.2 kg N ha
-1
 yr
-1
.  This estimate is 
partially based on the Cleveland et al. (1999) estimate that three percent cover of 
understory N-fixing plants yields a total N contribution of about 6.6 kg N ha
-1
 yr
-1
.  
Nitrogen demands in western Montana ponderosa pine/Douglas-fir forests probably could 
not be met by this N source alone.  Also the presence of N-fixing plant species does not 
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indicate they are actually fixing N.  Dalton and Zobel (1977) found that less than 50 
percent of Purshia tridentata in central Oregon had nodules and were fixing N.    
 Newland and DeLuca (2000) found that N-fixing plants are more readily found on 
sites with repeated openings; additionally, Leech and Givnish (1996) found in Wisconsin 
grasslands, that on sites with fire exclusion for extended periods of time, the seedbank of 
N-fixing plant species is lost.  Establishment of N-fixers seems to be dependent upon 
repeated disturbance versus one single disturbance or fire (Hendricks and Boring, 1999).  
When fire is reintroduced to these ecosystems after a history of fire suppression, N-fixing 
species appear to not regenerate as readily as they did under historical fire regimes 
(Newland and DeLuca, 2000). In western Montana there has been a major effort towards 
active suppression of fires for over the last 100 years (Arno et al. 1995), and exclusion of 
fire from the landscape through road building, timber harvest, and urban development.  
These management practices in part have led to the exclusion of N-fixing plant species, 
and; therefore, the question of how the system replaces N after large fires or harvesting in 
the Inland Northwest remains.  The ecosystem may rely upon another source of N, like 
free living N-fixing bacteria, to regain the N required to support regrowth of the forest.  
Although this source may seem small, throughout the life of the forest it is a significant N 
contribution (Cleveland et al., 1999) and may be one of the main N contributions, along 
with wet deposition, following disturbance in the Inland Northwest.  
Free living N-fixing Bacteria 
Free living N-fixing bacteria are not considered a significant source of N in many 
ecosystems (Matzek and Vitousek, 2003).  In temperate forest ecosystems, Cleveland et 
al. (1999) reported that all sources of free living N-fixation including soil, litter, and 
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woody debris add up to only about 1.5 kg N ha
-1
 yr
-1
, approximately 25% of total 
ecosystem N-fixation.  Son (2001) reported free living N-fixation rates in these same 
substrates between 2 and 3 kg N ha
-1
 yr
-1
.  Few studies examined N-fixation rates in low 
elevation ponderosa pine/Douglas-fir forests, the bulk of the data from western Montana 
are from high elevation or old growth sites.  Therefore, any attempt to quantify the 
amount of free living N-fixation in these ecosystems, including my own, is only a rough 
approximation based on estimates from surrounding areas.  Because moisture is the main 
limiting factor in free living N-fixation ( Wei and Kimmins, 1998; Son, 2001), rates in 
low elevation ponderosa pine dominated sites may be slightly lower, due to less 
precipitation (Fischer and Bradley, 1987).     
 Coarse woody debris, litter, and soil can provide a carbon source for free living 
N-fixing bacteria as they decompose these substrates (Hicks et al., 2003) because the C:N 
ratio in these substrates is high (Vitousek et al., 2002).  In large woody debris in coastal 
sites in Oregon, Crawford et al. (1997) found N-fixation rates of less than 1 kg N ha
-1
 yr
-
1
.  These rates are similar to those found in forests on Vancouver Island, where N-fixation 
rates in coarse woody debris were between 1 and 2.1 kg N ha
-1
 yr
-1
 (Brunner and 
Kimmins 2003).  Jurgensen et al. (1997) found similar rates in old growth pine forests in 
western Montana.  With larger loads of woody debris, for example following harvesting, 
N-fixation could be much greater and add significantly more N to the ecosystem 
(Jurgensen et al., 1997).  Forest floor litter in the Pacific Northwest (PNW) was found to 
fix trace amounts of N, usually less than 1 kg N ha
-1
 yr
-1
, which would not even 
compensate for N lost through leaching (Heath et al., 1988).  In old growth Douglas-fir 
forests in western Montana, Jurgensen et al. (1991) found N-fixation rates of 0.8 kg N ha
-
 16 
1
 yr
-1
 in woody residue, forest floor material, and mineral soil.  Forest management 
including harvesting and prescribed fire were found to further lower these rates of N-
fixation (Jurgensen et al., 1992).  Table 1.2 provides a summary of free living N-fixation 
rates in the Rocky Mountain west. 
 
Table 1.2: Free living N-fixation (kg N ha
-1
 yr
-1
) in different substrates from several 
studies conducted in coniferous forests throughout the Rocky Mountain west. 
Source N-fixation Citation Location 
Coarse woody debris <1 Crawford et al., 1997 Oregon 
Coarse woody debris 1-2.1 Brunner and Kimmins, 2003 Interior BC, Canada 
Coarse woody debris 0.16-1.5 Jurgensen et al., 1997 W. Montana and N. Idaho 
forest floor litter <1 Heath et al., 1988 Pacific Northwest 
epiphytic lichens 2.0-10.0 Dawson, 1983 Pacific Northwest 
soil 0.8 Jurgensen et al., 1992 Inland Northwest 
Decaying wood in live trees 0.06-5 Harvey et al., 1989 N. Idaho 
 
 Several other sources of free living N-fixation that have not been investigated in 
detail may exist in the Inland Northwest.  These additional sources may contribute a 
small amount of N to the ecosystem; therefore, are important to consider when examining 
all N inputs.  In Hawaii, bryophytes and lichens fix about 1 kg N ha
-1
 yr
-1
 (Matzek and 
Vitousek, 2003).  Epiphytic lichens were found to fix between 2 and 10 kg N ha
-1
 yr
-1
 in 
wetter places like the Pacific Northwest, but generally in dry temperate forest ecosystems 
such as the Inland Northwest, lichens contain green algae, which does not fix N (Dawson, 
1983).  But in wetter localized areas it is possible that lichens contain N-fixing 
cyanobacteria, thereby adding small amounts of N to this ecosystem. N-fixing bacteria 
were found on the leaves and buds of Douglas-fir trees, but rates were low (Dawson, 
1983).  Cyanobacteria associated with feather moss (Pleurozium schreberi) carpets in 
boreal Sweden have been found to fix N at about 2 kg N ha
-1
 yr
-1
 (DeLuca et al., 2002; 
Zachrisson et al., 2004).  Although, cover of feather moss in western Montana may be 
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quite small (Lesica et al., 1991), it may be an important N source previously unexplored 
in these ecosystems especially in cold north-facing slopes and in gullies.   
 Soil Crusts  
 Following fire in the Inland Northwest, patches of open ground are exposed and 
receive increased amounts of sunlight, creating an environment ideal for soil crust 
formation.  Crusts can contain algae, fungi, bacteria, mosses, lichens, and liverworts 
(Vitousek et al., 2002).  In desert ecosystems biological soil crusts provide most of the N 
through N-fixation by cyanobacteria in these crusts (Zaady et al., 1998; Belnap, 2002).  
With the opening of the canopy following fire, soil crusts may be an important part of N 
recovery in more temperate ecosystems.  Generally, cyanobacteria are more important N-
fixers in extreme environments (Vitousek et al., 2002).  In western Montana, Gundale et 
al., (2006) found that on one study site in which a prescribed fire was performed, 
Marchantia polymorpha, an N-fixing bryophyte, blanketed an entire plot.  Although this 
area was limited, cyanobacteria are fairly robust; therefore, they could play a larger role 
than previously thought in local N-recovery following fire in low moisture environments 
such as low elevation ponderosa pine/Douglas-fir forests in western Montana.   
Woody Roots 
 Another unexplored potential N source in western Montana could be 
decomposing woody tree roots.  N-fixing bacteria are known to decompose coarse woody 
debris as a source of energy, while fixing N (Hicks et al., 2003).  Previously N-fixation 
rates studied in coarse woody debris only included the debris on the forest floor, but 
stumps and coarse roots are a significant source of coarse woody debris and have not 
been studied in much detail (Brunner and Kimmins, 2003; Chen and Hicks, 2003).  In the 
past, only two studies examined N-fixation rates associated with decomposing woody 
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roots.  In interior British Columbia, Wei and Kimmins (1998) examined N-fixation rates 
in wildfire-killed and harvested lodgepole pine stands.  N-fixation rates in decomposing 
belowground roots averaged around 15 nmol ethylene g
-1
 d
-1
 (Wei and Kimmins, 1998).  
Scaled rates in wildfire killed lodgepole pine forests 10 years following disturbance were 
about 0.8 kg N ha
-1
 yr
-1
 and in harvested forests about 0.6 kg N ha
-1
 yr
-1
 (Wei and 
Kimmins, 1998).  These values are similar to values found by Granhall and Lindberg 
(1978) of about 1 kg N ha
-1
 yr
-1
 from dead coarse and fine roots and decaying stumps.  
Although similar to other free living N-fixation amounts, over time these sources can add 
a significant amount of N, which was ignored in previous studies.   
 More recently, Chen and Hicks (2003) found that decomposing woody roots 
larger than five cm in diameter in Pacific Northwest Douglas-fir old growth stands fix a 
significant amount of N, between 2 and 10 kg N ha
-1
 yr
-1
, following a catastrophic 
disturbance.  This amount is markedly greater than amounts previously found in other 
woody material.  Even though little is known about free living N-fixation in western 
Montana ponderosa pine/Douglas-fir ecosystems, after similar disturbances, the 
possibility exists that free living N-fixing bacteria colonize dead roots in this ecosystem.  
Chen and Hicks (2003) attribute these high rates in coarse decomposing woody roots to 
several factors: (1) The temperature belowground does not fluctuate like air temperature 
does, providing a relatively stable environment; (2) Roots have high moisture contents; 
(3) N-fixing bacteria may prefer root substrate; (4) Different N-fixing organisms may 
colonize decaying roots versus soil and litter.  Typically after a disturbance such as fire, 
N recovery from free living N-fixation in woody debris can take between 150 and 400 
years (Jurgensen et al., 1992), but according to Chen and Hicks (2003), N recovery from 
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free living N-fixation in woody roots would only take 78 to 118 years, potentially making 
free living N-fixation in woody roots a greater source of N in the recovery of N in the 
ecosystem. Researchers and forest managers need a more thorough understanding of this 
source of N in western Montana ponderosa pine/Douglas-fir N limited ecosystems. 
Conclusions 
 Previous research clearly demonstrates that N-fixation is an important source of N 
for Inland Northwest ecosystems especially following disturbance or in open forests.  The 
range of N produced from free living N-fixing plants is wide and unpredictable in fire 
dependent ecosystems especially with the advent of fire suppression.  Actual 
contributions of N from symbiotic N-fixing plant species are not well understood, and it 
is possible that even if these species are present on a particular site, they may not be 
fixing N at any given time.  If these species are present and fixing N, they can contribute 
a significant amount of N to the ecosystem following disturbance and have the potential 
to replenish the N lost through fire.  However if fire suppression has resulted in a partial 
loss of symbiotic N-fixing plants, free living N fixing bacteria colonizing soil, coarse 
woody debris, litter, bark, leaves, and even decaying roots may play a larger role than 
previously thought in N recovery following disturbance in western Montana ponderosa 
pine/Douglas-fir forest ecosystems.   
 The purpose of the following two chapters, was to: (1) Examine the effects of fire 
exclusion on the N fixation rates of free living N-fixing bacteria in western Montana 
ponderosa pine/Douglas-forest ecosystems; 2) Investigate how fuel management 
treatments (thinning, prescribed fire, or thinning with prescribed fire) effects free living 
N-fixing bacteria colonizing decaying roots, mineral soil, and soil crusts.  The findings 
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set forth in these two chapters improves our understanding of how 100 years of fire 
suppression has influenced free living N fixation in western Montana forest soils and 
provide much needed information on how N is replenished in forest soils following fuel 
reduction activities in this region.   
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CHAPTER 2: INFLUENCE OF FIRE EXCLUSION ON FREE LIVING N-FIXATION RATES IN 
PONDEROSA PINE/DOUGLAS FIR FORESTS OF WESTERN MONTANA 
 
ABSTRACT 
Active fire suppression and land management have led to 100 years of fire 
exclusion of fire from ponderosa pine forest ecosystems across western Montana, 
resulting in changes in ecosystem processes including an apparent reduction in the 
presence and activity of N fixing plant species.  Therefore, free living heterotrophic N 
fixing bacteria may play a larger role in N recovery in ponderosa pine/Douglas-fir 
ecosystems following disturbance.  Previous research has shown that free living N fixers 
fix little N in forest ecosystems; however, more recently in Oregon N fixing bacteria 
colonizing decomposing woody roots were found to fix a significant amount of N (~6 kg 
N ha
-1
 yr
-1
).  The purpose of this research was to determine how fire exclusion and time 
since last fire effect N-fixation by free living N fixing bacteria colonizing dead roots and 
mineral soil in ponderosa pine/Douglas-fir forests of Western Montana.  Root and soil 
samples were collected from chronosequence sites in the Bitterroot and Lolo National 
Forests and soil samples were collected from unburned stands paired with multiple burn 
stands in the Frank Church River of No Return and the Selway Bitterroot wilderness 
areas.  Nitrogen-fixation rates were measured using the acetylene reduction technique and 
extractable inorganic N and potentially mineralizable nitrogen were measured in mineral 
soil samples.  Nitrogen-fixation rates did not correlate with time since fire, and rates in 
soil were greater in unburned stands compared to multiple burn stands.  Rates in mineral 
soil were greater than rates in woody roots.  Soil N-fixation rates were greater when soil 
moisture content was greater.  In western Montana ponderosa pine/Douglas-fir 
ecosystems, N-fixation by free living heterotrophic bacteria colonizing dead roots 
appears to represent a small yet important contribution of N. 
 
INTRODUCTION 
Fire plays an important role in shaping landscapes in western Montana ponderosa 
pine/Douglas-fir forests and in turn directly influences nutrient cycling patterns.  
Nitrogen (N) is a crucial nutrient lost through fire, and how N is replenished through N-
fixation following fire is critical part of the N cycle.   In low elevation ponderosa pine 
forests, low severity fires occurred often over 100 years ago (Arno et al., 1995), but more 
recently increased road building, timber harvesting and fire suppression activities have 
lessened fire frequency, increased stand density and decreased stand productivity, 
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providing a great opportunity to examine how fire exclusion and increasing time since 
fire effect N inputs into these ecosystems.   
 With increasing time since fire, vegetation and nutrient cycling changes occur in 
the Inland Northwest.  Understory trees increase in density, especially Douglas-fir trees 
which tend to crowd out ponderosa pines (Gruell et al., 1982), but they could also shade 
out symbiotic N-fixing plants.  Shrub cover and forest floor thickness both increase with 
increasing time since fire (MacKenzie et al., 2004).  Decomposition rates, potentially 
mineralizable nitrogen (PMN), and plant available N all decrease with increasing time 
since fire (MacKenzie et al., 2006).  Symbiotic N-fixing plant species populations are less 
diverse and abundant in stands not experiencing fire in extended periods of time 
(Hendricks and Boring, 1999; Newland and DeLuca, 2000).  Even though a great deal is 
known about how fire affects ponderosa pine/Douglas-fir ecosystems, little is known 
about the effects of fire exclusion and time since fire on free living N fixing bacteria.  
Previously researchers thought that free living N-fixation rates decreased with increasing 
time since fire (Wei and Kimmins, 1998; Crews et al., 2001), but more recently 
Zackrisson et al. (2004) found free living N-fixation rates increased with increasing time 
since fire, so the affects are unclear especially in the Inland Northwest where little 
research has been done examining N inputs in relation to fire exclusion. 
 Recently, Chen and Hicks (2003) discovered high rates of free living N-fixation 
associated with decomposing woody roots buried in soil for six years in old growth 
forests in Oregon.  This N source was previously unexplored in western Montana and 
may be an important source following disturbance in ecosystems where fire has been 
excluded and symbiotic N-fixing plants are less abundant.  
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 The purpose of this research was to examine what effects fire exclusion had on 
free living N-fixing bacteria in western Montana ponderosa pine/Douglas-forest 
ecosystems.  More specifically the objectives were: (1) Determine how time since last 
fire has influenced N-fixation by free living N-fixing bacteria colonizing dead roots and 
surrounding soil; (2) Determine how multiple fires versus no fires over a 120 year period 
have influenced the activity of free living N-fixing bacteria; (3) Estimate the approximate 
N contribution of these organisms to the ecosystem, and compare this contribution with 
the potential N-fixation by symbiotic N-fixing organisms. 
METHODS AND MATERIALS 
Site Selection and Sampling  
Chronosequence Sites 
 A fire chronosequence in low elevation forest stands was established in the 
Bitterroot and Lolo National Forests and in the Clearwater Game Reserve in western 
Montana in which 10 stands of varied time since last fire were identified and 
characterized for stand and soil attributes (MacKenzie et. al., 2004, 2006).  Six forest 
stands at three sites had experienced fire at some point over the last 86 years and 4 
neighboring stands had experienced no fire over the last 100 years.  This created fire 
polygons ranging in time since fire from 6 to 86 years each paired with sites aged 126 or 
136 years since last fire (Table 2.1).  Soils in these areas are classified as Typic 
Dystrocryepts and are generally sandy loams.   
 30 
Table 2.1: Chronosequence sites with abbreviations, burn year, time since fire (TSF in 
years), and other site characteristics. Clearwater and Ninemile both had two burned sites 
paired with the unburned sites, whereas Lake Como and Lost Horse had one burn site 
paired with an unburned site. (MacKenzie et al., 2006). 
Site Abv. Fire year TSF (years) Slope (°) Aspect Elevation (m) 
Clearwater CW1 1988 18 11 141 SE 1452.9 
 CW2 1957 49 8.8 163 S 1457.1 
 CWUB 1880 126 5 173 S 1396.8 
Ninemile NM1 2000 6 10.3 137 SE 1218.6 
 NM2 1910 96 16.8 175 S 1272.2 
 NMUB 1880 126 13.7 187 S 1181.5 
Lake Como LC 1924 82 15.3 41 N 1678.5 
 LCUB 1870 136 19.5 107 E 1696 
Lost Horse LH 1915 91 11.3 207 SW 1393.8 
 LHUB 1870 136 12.7 144 SE 1390.6 
  
Soil and root samples were collected from Clearwater (CW) and Ninemile (NM) 
June of 2006 and from Lake Como (LC) and Lost Horse (LH) in August of 2006.  At 
each site, 10 dead standing trees were identified. Two decaying root samples were 
collected at the base of each tree by digging a trench along a main root and then sawing a 
smaller root part off.  Only large woody roots (> 2mm diameter) were collected as these 
were previously identified as harboring the highest rates of N-fixation (Chen and Hicks, 
2003). Composite soil samples were also collected with a soil probe at each dead tree.  
The O horizon material was removed before collecting soil from 0-10 cm; a total of 5 
subsamples from each plot were composited.  If sites were too rocky, a trowel was used 
instead to collect soil; in these cases only three subsamples were collected.  One 
subsample was always collected from the soil around the root.  Roots and soil were 
transported to the lab and roots were stored at 25 º C and soil was analyzed immediately. 
 Wilderness Sites 
 Seven sites were selected near or within the Selway Bitterroot and Frank Church 
River of No Return wilderness areas in western Montana and northern Idaho ponderosa 
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pine and Douglas-fir forests and all samples were collected previously (Table 2.2, 
DeLuca and Sala, 2006).  All seven sites contained two stands, one stand labeled 
unburned and one multiple burn.  Unburned stands had not burned in at least 70 years and 
multiple burn stands burned between 2 and 4 times within the last 130 years. 
Table 2.2: Site characteristics and fire history for the seven wilderness sites 
Site # fires Aspect (°) Elevation (m) Slope (°) Fire Years 
23M* 0 89 805 33 1910, 1934 
  3 135 870 33 1910, 1934, 1992 
MB 0 109 1177 19 1919 
  3 251 1536 33 1919, 1960, 1987 
WW 0 220 1285 30 1870 
  3 93 949 35 1919, 1933, 1988 
CL 0 305 1552 21 1870 
  2 273 1577 35 1924, 1988 
BR 0 61 1665 37 1870 
  3 49 1464 29 1914, 1944, 1992 
MC 0 270 957 33 1870 
  4 258 915 42 1910, 1934, 1981, 1987 
DC 0 166 860 17 1870 
  2 203 936 23 1919, 1979 
* At 23M the unburned site was discovered to have actually burned twice (DeLuca and Sala, 2006) 
 
 The longest distance along the main slope was determined for each stand and site 
from topographic maps and in the field and subsequently divided in four sections. Three 
400 m
2
 plots (20 x 20 m) were laid out approximately between the first and second, 
second and third, and third and fourth sections, respectively. Plot centers were 
determined randomly from the intersection point.  Within each stand, plots were no less 
than 200 m apart. Four 1 m x 1 m subplots were established at each corner of the 400 m
2 
plots.  
Composite soil samples (eight per subplot) were collected from all seven sites in 
the summer of 2003.  Mineral soil samples (0 – 10 cm) were collected by using a 2.5 cm 
diameter stainless steel soil probe and composite samples were created from eight 
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subsamples within each sub plot.  Samples were kept on ice until returned to the 
laboratory for processing.  Mineral soil samples were split into two with one portion 
placed in a cold temperature chamber at 5
o
C for fresh analyses (see below) and a second 
portion air dried for storage and ultimately analyzed for total C and N and alkaline 
metals, pH, particle size, water holding capacity, and available P.  For a more detailed 
site description and sample collection refer to DeLuca and Sala (2006). 
Laboratory Analysis 
 Soil Analysis 
 Gravimetric moisture content was determined on all soil samples from the 
chronosequence sites by drying the sample for 24 hours at 105 º C.   Soils collected at 
chronosequence sites were measured for extractable inorganic N and PMN. To determine 
extractable inorganic N content, thirty grams of fresh sample was placed into French 
square bottles with 50 ml of 2 M KCl, the suspension shaken for 30 minutes, and then 
filtered through Whatman # 2 filter papers.  The filtrates were then analyzed for NO3
- 
-N 
and NH4
+
-N (Mulvaney 1996) by using an Autoanalyzer III (Bran Luebbe, Chicago, IL).   
Ammonium N was determined using the salicilate-nitroprusside method and NO3
-
 was 
determined by using the cadmium reduction method (Keeney, 1982).  All fresh mineral 
soil samples were analyzed for PMN using the 14 d anaerobic incubation procedure 
(Bundy and Meisinger 1996) where soil is analyzed for extractable NH4
+
 -N as described 
above, and a second 5 g sample was placed into 12.5 ml of distilled water, and a stream 
of N2 gas bubbled through the suspension for 1 minute.  The sample was then placed in a 
constant temperature chamber at 25
o
C for 14 days after which 12.5 ml of 4 M KCl was 
added to the aqueous suspension to create a 2 M KCl extractant, shaken for 30 minutes 
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and analyzed for NH4
+
 -N as described above.  PMN is then estimated as the NH4
+
 -N 
content at time 14 d minus that at time zero.  The benefit of this method is that there is no 
moisture limitation or excess to interfere with the incubation process. However, a 
limitation is that there is no nitrification step and anaerobic mineralization may be far less 
efficient as compared to aerobic incubation. 
 Nitrogen-fixation Analysis 
Nitrogen-fixation rates were estimated on fresh soil samples and on root samples 
from the chronosequence sites, and on rewetted and preincubated soil samples from the 
wilderness sites using a calibrated acetylene reduction technique (Schollhorn and Burris, 
1967).  Two grams of soil was sieved and placed into a 23 ml glass culture tube, wetted, 
and fitted with a septum.  Roots were placed into 500 mL or 1L ball jars and septa were 
placed in the jar lids. Then 10% of the total headspace was evacuated and replaced with 
reagent grade acetylene and placed in a constant temperature chamber set at 26 º C.  
Tubes and jars were incubated for 24 hours and were then analyzed for total ethylene 
production by removing 1 ml of headspace gas and injecting it into a gas chromatograph 
(GC) equipped with a flame ionization detector (SRI Instruments, Torrence, CA) and a 
porapak T column (Weaver and Danso, 1994). Soil and root samples were also incubated 
without acetylene additions in order to account for natural ethylene production.  Soil 
samples were also measured for anaerobic N-fixation in which oxygen was replaced with 
N2 gas in the samples prior to acetylene injection, and N-fixation rates were measured 
from soil incubated in the greenhouse for 24 hours in order to determine if cyanobacteria 
were fixing N in the mineral soil.  All rates were added together and are reported as the 
rate of N-fixation in the mineral soil.   
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Acetylene reduction rates were calibrated using 
15 
N2 gas (DeLuca et al., 2002) on 
a subset of soil and root samples that displayed high rates of acetylene reduction. Soil and 
wood samples were placed into 23 mL tubes or ball jars as described above.  10% of the 
headspace was removed and replaced with acetylene.  Samples were then incubated for 
24 hours at 25
o
C, after which ethylene concentrations were measured as described above.  
Acetylene was then allowed to escape from the tubes.  The tubes were then recapped and 
10% of the head space was removed and replaced with N2 gas enriched at 98% 
15
N2.  
Control tubes containing no soil or woody materials were tested for actual content and 
15
N2 enrichment.  The samples were then dried at 60
o
C, ground in a ball mill and 
analyzed for 
15
N enrichment using a continuous flow combustion analyzer and isotopes 
ratio mass spectrometer.  This calibration was done in order to obtain a conversion ratio 
between acetylene reduced and N-fixed as this ratio can range widely depending on 
location and substrates.  Soil and root N-fixation rates were scaled up to kg ha
-1
 yr
-1
 based 
on 200 days of activity throughout the year in this area.  We established a molar ratio of 
acetylene reduced to N fixed of 4.4:1 for woody roots.  This was extremely close to the 
4.5:1 conversion ratio for woody roots recently published by Chen and Hicks (2003) and 
also similar to ratios used in several other studies (Jurgensen et al., 1992; Vitousek and 
Hobbie, 2000; Hicks et al., 2003).   The conversion ratio for mineral soil was somewhat 
lower at 2.1:1 of acetylene reduced to N fixed, but still within the range of ratios used and 
near the theoretical ratio of 3:1 (Hardy et al., 1968). 
Statistical Analysis 
 All statistical analyses were performed using SPSS 10.0.  All data sets were tested 
for homogeneity of variances and normality of distribution.  Data not conforming to these 
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assumptions were transformed by square root transformation and analyzed or analyzed 
using non parametric Mann-Whitney U tests.  Data reported here was back transformed.  
Otherwise data was analyzed using Student’s t tests for differences between burned and 
unburned sites and comparisons of N-fixation rates in roots versus soil.  Uncorrected 
Pearson correlations were performed to examine the relationship between N-fixation rates 
and other variables with time since fire.  Statistical significance was determined at alpha 
of <0.01 or <0.05. 
RESULTS AND DISCUSSION 
Soil Nitrogen Status 
 Bioavailable soil N (NH4
+
 and NO3
-
) in mineral soil samples followed no 
consistent trend between sites and did not show any relationship between burned and 
unburned stands across the different sites.  Available N and PMN levels at the unburned 
stands at the Ninemile sites were significantly lower than at the burned stands (Figure 2.1 
a,b and c), indicating less available N in these stands without fire.  These findings are 
consistent with previous research in the study area (MacKenzie et al., 2006).  These 
results were not replicated at the other chronosequence sites.  Available N levels were not 
significantly different between burned and unburned stands at the Lake Como and Lost 
Horse sites (Figure 2.1 a, b).  Nitrate levels were significantly lower within the unburned 
stands at Clearwater (Figure 2.1 b), whereas NH4
+
 levels were not significantly different 
between stands at Clearwater when compared to burned stands (Figure 2.1 a).  Soil PMN 
levels were significantly greater at the Lake Como unburned stand compared to the 
burned stand.  Soil N showed different trends at different sites.  Ammonium and NO3
-
-N 
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levels were nearly 10 and 20 times higher respectively in mineral soil at Ninemile and 
Clearwater compared to Lake Como and Lost Horse. 
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Figure 2.1: Mineral soil extractable a) NH4
+
, b) NO3
-
, and c) PMN (µg g
-1
) at 10 
chronosequence sites in western Montana.  Error bars represent standard error, n=10, 
differences by Student’s t-tests are shown with different letters (p<0.05). 
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Figure 2.2: Moisture content (percent dry weight) of mineral soil at 10 chronosequence 
sites in western Montana, n=3 at NM and CW and n=2 at LC and LH. 
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 Differences between sites and N levels could also result from the sampling 
methods employed (Schimel and Bennett, 2005).  These analyses were performed on soil 
grab–samples and represent a single point in time measurement.  Although they are 
composite samples, these N levels can not be viewed as overall ecosystem nitrate and 
ammonium levels.  The lack of trend for burned stands could also be a function of the 
time since the last fire on the burned stands.  Differences in available inorganic N are 
often observed 1 – 3 years following fire (DeLuca and Zouhar, 2000; Smithwick et al., 
2005), often fire effects in terms of extractable inorganic N are difficult to discern six 
years after fire.    
  Higher available N levels at Ninemile and Clearwater may be related to soil 
moisture content (as percent dry weight) (Figure 2.1a,b; Figure 2.2) as these samples 
were collected in early summer, increasing moisture contents.  Hope and Li (1997) found 
N mineralization rates increased with increasing moisture content.  These results indicate 
that soil moisture at these sites during sampling times may have been a more important 
driver of available N concentrations than fire history long after the last fire.    
Nitrogen fixation  
   Mineral soil N-fixation rates varied across all chronosequence sites.  Generally 
N-fixation rates and moisture contents were higher in mineral soil at Ninemile and 
Clearwater than at Lake Como and Lost Horse (Figure 2.3).  Nitrogen-fixation rates in 
decomposing woody roots were not different across sites (Figure 2.4).  The only 
significant difference in N-fixation rates between burned and unburned sites was in the 
mineral soil at Clearwater.  Both Clearwater burn 1 (18 years since fire) and Clearwater 
burn 2 (49 years since fire) had significantly lower rates of N-fixation compared to the 
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unburned site (Figure 2.5a).  Conversely, N-fixation rates in dead roots at Clearwater 
were significantly greater at the burned site.  Nitrogen-fixation rates in dead roots at Lake 
Como were significantly greater at the unburned site than the burned site, but this site last 
burned in 1924 thus limiting any direct effects of fire.   
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Figure 2.3: Nitrogenase activity (nmol AR g
-1
 d
-1
) in mineral soils across all 10 
chronosequence sites in western Montana and moisture content (percent dry weight), a 
and b represent significant differences betweeN-fixation rates across sites from One-way 
ANOVA (<0.05), n=3 for NM and CW and n=2 for LC and LH, error bars represent 
standard error.  
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Figure 2.4: Nitrogenase activity (nmol AR g
-1
 d
-1
) in dead woody roots across all 10 
chronosequence sites in western Montana, One-way ANOVA, ns, n=3 at NM and CW, 
n=2 at LC and LH,, error bars represent standard error. 
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Figure 2.5: Nitrogenase activity (nmol AR g
-1
 d
-1
) in a) mineral soils and b)dead roots at 
all 10 chronosequence sites in western Montana.  Error bars represent standard error, 
n=10, Student’s t-test, significant differences between a and b (p<0.05), significant 
differences between c and d (p< 0.10). 
 
 
Nitrogen-fixation rates are usually greater with increased moisture availability 
(Jurgensen et al., 1992; Wei and Kimmins, 1998; Chen and Hicks, 2003) and usually 
decrease with increasing N availability (Kitoh and Shiomi, 1991; Zackrisson et al., 2004); 
however, N-fixation rates were greater at the sites that had greater available N and 
increased moisture content. Although mineral soil moisture content was greater at 
Ninemile and Clearwater (Figure 2.3), N-fixation rates did not significantly correlate with 
soil moisture content.  Deslippe et al. (2005) found that fertilizer with NH4
+
 and NO3
-
 
increased N-fixation in cyanobacteria in high arctic ecosystems.  These researchers 
attribute this to an increase in C from root exudates following fertilization (Deslippe et 
al., 2005).  Differences in N-fixation rates within sites could also be due to the fact that 
fire severities and pre-fire conditions at each site varied (Smithwick et al., 2005).  High 
severity fires would result in increased C and N losses from the forest floor and mineral 
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soil, decreasing the amount of energy available to free living N-fixers from these 
substrates.  Coniferous forests store nutrients below ground in roots (Wei and Kimmins, 
1998), possibly making woody roots a more important substrate following severe fire.  
With lower severity fires, C from the forest floor, woody debris, and mineral soil may be 
an important C source for N-fixers whereas roots may not be.  Generally available N 
increases immediately following fire, so these effects of fire severity may be important 
several years following fire versus immediately.  
Free living N-fixation rates associated with roots could be different among 
different samples because decay classes between samples may be different.  Wei and 
Kimmins (1998) and Hicks et al. (2003) found that N-fixation rates were highest in 
intermediate decay stages in coarse woody debris, so it is possible that the decay stage in 
the woody roots at the chronosequence sites influenced N-fixation rates between sites.  
Further investigation would be necessary to determine the full extent of decay stages in 
woody roots and its effect on free living N-fixation rates.  Larsen et al. (1978) also found 
that rates of N-fixation in woody debris correlate with the particular type of colonizing 
fungi.  Woody debris colonized by brown rot fungi were found to have greater rates of N-
fixation compared to woody debris colonized by white rot fungi in western Montana 
(Larsen et al., 1978).  Although fungi have no capacity to fix N, they may indirectly 
influence N-fixing bacteria by increasing available soluble C for the high C demand of 
heterotrophic soil N fixers.  
 The N-fixation rates averaged across all sites were significantly greater in mineral 
soil than in dead roots (Figure 2.6).  Mineral soil rates averaged 0.1 nmol AR g
-1
 d
-1
, 
whereas rates in dead roots were much lower, averaging only 0.005 nmol AR g
-1
 d
-1
.  
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This result was unexpected given the recent report of much higher rates of N-fixation in 
woody roots (Chen and Hicks, 2003).  The C/N ratio of fresh woody roots is around 
200:1 (Chen et al., 2001), whereas, the C/N ratio of the mineral soils in this study are 
around 25:1 (MacKenzie et al., 2006).  Free living N-fixing bacteria would be expected 
to benefit from such a high C/N ratio in roots because of their high C demand.  However, 
the C:P ratios in these same materials were close to 3000:1 (Alban and Pastor, 1993; 
Chen et al., 2001) which would have greatly reduced the activity of such organisms.  
Chen and Hicks (2003) suggest that the N-fixing species may play a role in rates of N-
fixation between substrates.  A more diverse group of N-fixing bacteria may colonize the 
soil versus roots, allowing for a more diverse set of conditions in which N-fixation could 
occur. 
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Figure 2.6: Nitrogenase activity (nmol AR g
-1
 d
-1
) in roots versus soil averaged across all 
10 chronosequence sites in western Montana.  Different letters represent significant 
differences (p<0.05) based on Student’s t-tests, n=4.  Error bars represent standard error. 
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Figure 2.7: Nitrogenase activity in mineral soils from wilderness sites across western 
Montana, no burn versus multiple burns.  Non parametric Mann-Whitney U test, different 
letters represent significant differences at p<0.05. 
 
Similar to Lost Horse, N-fixation rates at the wilderness sites showed significant 
differences between multi-burn and no burned sites (Figure 2.7).  Some earlier studies 
suggested that N-fixation rates generally tend to be greater in sites exposed previously to 
fire (Jorgensen and Wells, 1971).  However, sites recently exposed to fire have greater 
amounts of available N which may interfere with N-fixation activity.  MacKenzie et al. 
(2006) found that both available N and nitrification rates decrease with increasing time 
since fire, and they suggest that this may be due to a decrease in nitrifiers, organisms that 
oxidize NH4
+
 to NO3
-
, in late successional stands.  This further suggests that N-fixation in 
soil could play a larger role in mid to late successional stands by providing an essential N 
source.  In ecosystems where symbiotic N-fixing plant species are almost absent (e.g. 
Southern Chile), free living N-fixation may be the greatest N source in late successional 
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stages (Perez et al., 2004).  This trend is similar to our findings from the Wilderness sites 
and the Clearwater chronosequence site where N-fixation rates were greater in 
undisturbed stands (Figures 2.5a and 2.7).  Zackrisson et al. (2004) found that with 
increasing time since fire in boreal Sweden, N-fixation associated with feather mosses 
increased, and they attributed this to an increasing N limitation as succession moves 
forward into mid to late successional stages.  In a follow up study, DeLuca et al. (2007) 
found that late successional forest feather mosses exhibiting high rates of N-fixation 
experience a rapid decline in N-fixation and presence of N fixing cyanobacteria on leaf 
surfaces when they were transplanted to early successional forests (with higher available 
N).  However, in the studies reported here, there was no significant correlation between 
N-fixation and time since fire (Figure 2.8).  The findings reported here are more similar 
to the findings of Matzek and Vitousek (2003) that showed free living N-fixation rates to 
remain the same with increasing time since disturbance. This is likely because there are 
confounding factors influencing N-fixation in these ecosystems such as moisture, fire 
intensity, and available N.   
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Figure 2.8: Uncorrected Pearson correlations of N-fixation rates versus time since fire at 
10 chronosequence sites in western Montana in a) mineral soil, and b) dead roots. 
 
 Decomposing woody roots were not a significant source of N-fixation in low 
elevation ponderosa pine/Douglas-fir forests of western Montana.  Nitrogen-fixation rates 
in the mineral soil in Western Montana forest ecosystems (0.73 kg N ha
-1
 yr
-1
) were 
significantly greater than rates in woody roots (0.0001 kg N ha
-1
 yr
-1
).  Although this is a 
small amount of N, these levels combined with the contribution of leguminous and 
actinorhizal plants would likely be sufficient to replenish N lost in these ecosystem 
during fire over a 70 year period, based on an average N loss following fire in coniferous 
forests of 228 kg N ha
-1
 (Wan et al. 2001).  Mineral soil N-fixation rates that were found 
in western Montana ponderosa pine/Douglas-fir forests are similar to rates found 
previously in the Inland Northwest of 0.8 kg N ha
-1
 yr
-1
 (Jurgensen et al., 1992).  Chen 
and Hicks (2003) suggested that woody roots could replenish N lost following fire in less 
than 120 years; whereas, N recovery may take up to 400 years using rates found in this 
study from woody roots and mineral soil alone.   
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Previous studies examining free living N-fixation rates in below ground woody 
roots found rates that were many magnitudes greater than those found in this research.  
Wei and Kimmins (1998) found rates in roots from harvested and wildfire killed sites in 
lodgepole pine stands in interior British Colombia between 10 and 15 nmol AR g
-1
 d
-1
 
versus less than 1 nmol AR g
-1
 d
-1
 in this research.  Wei and Kimmins (1998) did 
anaerobic incubations on the roots, whereas in this study aerobic N-fixation rates in roots 
were measured.  According to Crawford et al., (1997), free living N-fixers associated 
with woody debris and soil tend to be microaerophyllic (Crawford et al., 1997), and N-
fixers under strictly anaerobic conditions have been found to fix less nitrogen than under 
aerobic or microaerophyllic conditions (Silvester et al., 1982).  Anaerobic and aerobic N-
fixation rates were measured in mineral soil and no significant differences in rates were 
found (Figure 2.9).  One could infer that this would be similar in roots; however, 
measuring free living N-fixation rates under strictly anaerobic or aerobic conditions 
might have underestimated the actual N contribution from free living N-fixing bacteria in 
forested ecosystems.     
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Figure 2.9: Aerobic versus anaerobic nitrogenase activity in mineral soil at 10 
chronosequence sites in western Montana, n=10, Student’s t-test, ns, error bars are 
standard error. 
  
 Chen and Hicks (2003) found free living N-fixation rates associated with woody 
roots to be significantly greater than both the rates found in this research and those 
discussed by Wei and Kimmins (1998).  Chen and Hicks (2003) reported average N-
fixation rates of 6.3 kg N ha
-1
 yr
-1
, but their scaled rates were based on a stand replacing 
fire, where all trees would have been killed; thereby, increasing the overall contribution 
of N from woody roots (Chen and Hicks, 2003).  Chen and Hicks (2003) measured rates 
at three different sites in Oregon; the site with relatively high rates of acetylene reduction 
(30 nmol AR g
-1
 d
-1
) was on the western slopes of the Cascade Mountain Range in which 
the mean annual precipitation is 230 cm.  The driest site, located near Bend, OR, had a 
mean annual precipitation of 53 cm.  The mean annual precipitation in western Montana 
low elevation ponderosa pine/Douglas-fir forests is 44 cm (DeLuca and Zouhar, 2000).  
Nitrogen-fixation rates at the dry site in Bend (3 nmol AR g
-1
 d
-1
) were 600 times greater 
than rates found in our study sites in western Montana.  Reconciling such a large 
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difference in acetylene reduction rates between these two studies is tenuous but moisture 
may play a large role in explaining the differences.  Additionally Chen and Hicks (2003) 
measured N-fixation rates on decomposing woody roots from trees grown in a 
greenhouse by placing 10 grams of roots into cloth litter bags and then burying the bags 
20 cm deep in the mineral soil for six years.  Whereas we measured N-fixation on freshly 
cut dead roots from forest sites.  Placing several roots in one bag may create a more N 
limited environment; therefore, increasing N-fixation potential.  Although Chen and 
Hicks (2003) obtained roots from native trees, the trees were grown in a controlled 
environment where plants typically receive ample sunlight, water, and nutrients.  More 
research is necessary to determine the true contribution of N from free living N-fixing 
bacteria colonizing decomposing woody roots in these ecosystems.   
 Nutrient limitations could also account for the low free living N-fixation rates.  
Silvester (1989) found in Oregon that when Mo was added to samples, nitrogenase 
activity dramatically increased.  This generally occurs in soils that are more acidic, and 
the average pH in soils at the chronosequence sites was around 4.5.  Additionally P 
limitations in late successional stands have been correlated with decreased symbiotic N-
fixation (Pearson and Vitousek, 2002; Uliassi and Ruess, 2002), but it is important to 
note that these studies took place in primary successional stands.  This limitation could 
also affect free living N-fixation, as phosphorus is a necessary component of the 
nitrognease enzyme.  Chapin et al. (1991) found increased free living N-fixation rates 
following P fertilization in the high arctic.  At the chronosequence sites, which are 
secondary successional forest stands, N-fixation rates were not correlated with available 
phosphorus (p=0.628).   
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CONCLUSIONS 
In the N limited, dry ponderosa pine/Douglas-fir forest ecosystems of western 
Montana where symbiotic N-fixers have been greatly depressed by 100 years of fire 
suppression and free living N-fixation associated with many substrates including mineral 
soil, coarse woody debris, and litter are small, we would expect that another substrate is 
present in which N-fixation occurs in great quantities.  Decomposing woody roots in 
moist forest ecosystems were found to exhibit high rates of N-fixation.  In dry, low 
elevation ponderosa pine ecosystems of western Montana, decomposing woody roots 
exhibited low rates of N-fixation.  Nitrogen-fixation rates in woody roots were less than 
rates in mineral soil, which characteristically has low N-fixation.  In the fire 
chronosequence, N-fixation rates in mineral soil or in decomposing woody roots did not 
increase with time since fire.  In fact, in mineral soil in some cases, N-fixation rates were 
higher in sites not experiencing fire in 100 years.  In the Wilderness sites, however, N-
fixation was higher in unburned stands compared to stands exposed to multiple fires. 
With reduced numbers of symbiotic N-fixers in N limited ecosystems, free living 
N-fixers play an important role in N recovery following disturbance.  The possibility 
remains that there is another unexplored N source in western Montana low elevation 
ponderosa pine/Douglas-fir ecosystems.  Future research examining the interactive 
effects of precipitation, soil type, climate, parent material, aspect, slope, fire and available 
N with free living N-fixing bacteria may be helpful in determining how factors influence 
N fixation rates.  Also it may be important to examine the different types of N-fixing 
organisms colonizing different substrates in western Montana.  The impact of prescribed 
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fire and timber harvesting on free living N fixing organisms colonizing mineral soil, soil 
surface crusts and decomposing woody roots will be examined in Chapter 3.                                                     
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CHAPTER 3: INFLUENCE OF FUEL MANAGEMENT ON NON-SYMBIOTIC N-FIXATION IN 
PONDEROSA PINE/DOUGLAS-FIR FORESTS 
 
ABSTRACT 
 Historically, ponderosa pine/Douglas-fir forests of western Montana experienced 
fire on a relatively short return interval, but for over 100 years fire suppression, timber 
harvesting, and road building have led to a change in forest structure and an increase 
chance of high severity wildfire.  Forest managers have been implementing various 
management techniques in an attempt to restore stands to historic structure, function, 
diversity and productivity.  The effects of this management on soil nutrients, vegetation 
dynamics, wildlife, insects and diseases, and coarse woody debris have been thoroughly 
studied at Lubrecht Experimental Forest in western Montana, but the effects of these 
management techniques on N inputs, especially free living N-fixation have not been 
thoroughly studied.  The purpose of this research was to examine the effects of prescribed 
fire, selection harvest, and a combination of both on free living N-fixing bacteria 
colonizing decomposing woody roots, mineral soil, and soil crusts. Soil, root, and soil 
crust samples were collected from each treatment in August 2005 and soil samples were 
recollected in May 2006 following snowmelt.  Acetylene reduction assays were run on all 
samples, and available N and potentially mineralizable N (PMN) were measured in 
mineral soil.  Nitrogen-fixation rates were not significantly different among treatments in 
decomposing woody roots and mineral soil.  Nitrogen-fixation rates associated with soil 
crusts were significantly greater in the control stand but only at P <0.10.  N-fixation rates 
were greater in mineral soil than in roots.  Soil collected in August exhibited greater rates 
of N-fixation than soil collected in May and we attribute this to an increase in available N 
following snowmelt.  Overall rates of free living N-fixation at Lubrecht Experimental 
Forest in ponderosa pine/Douglas-fir were low, 0.26 kg N ha
-1
 yr
-1
, but over time these 
sources, along with symbiotic N-fixing plants and wet deposition, could replace N lost 
through prescribed fire or harvesting in 40 to 100 years. 
 
INTRODUCTION 
  Ponderosa pine/Douglas-fir forests of the Inland Northwest historically 
experienced wildfires at a fire return interval of 5 to 30 years and these fires maintained 
an open understory with large ponderosa pine dominating the overstory (Arno et al., 
1995).  Fire suppression, harvesting, and road building over the last 100 years have 
altered forest dynamics including changes in nutrient cycling, increased understory 
density, and codominance by ponderosa pine and Douglas-fir trees in the overstory 
(Barrett and Arno, 1982; Gruell et al., 1982; Arno et al., 1995).  Some researchers 
speculate that fire suppression also led to reduced numbers and diversity of symbiotic N-
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fixing plant species in the understory (Leach and Givnish, 1996; Newland and DeLuca, 
2000; Hendricks and Boring, 1999). 
 Forest managers in western Montana have recently begun implementing 
restoration treatments in order to reduce damage from massive wildfires and restore 
historical forest conditions (Gundale et al., 2005).  These treatments including prescribed 
fires, thinning operations or both techniques have been implemented at a large scale at 
Lubrecht Experimental Forest in western Montana and have affected soil properties and 
vegetation dynamics (Gundale et al, 2003; Metlen and Fiedler, 2005).  Nitrogen, a 
limiting nutrient in these ecosystems (DeLuca and Zouhar, 2000), is lost from the 
ecosystem during these management practices and how N is replenished following 
disturbance is not well understood.  Symbiotic N-fixing plant species were thought to be 
the main source of N following disturbance, but with extended periods of time without 
fire, the seedbanks of these species may be lost (Leach and Ginvish, 1996) and many of 
these species rely on fire for regeneration ( Towne and Knapp, 1996; Hendricks and 
Boring, 1999; Hainds et al., 1999; Oakley et al., 2003; Casals et al., 2005; Johnson et al., 
2005; Lajeunesse et al., 2006).  Therefore, after fire suppression free living N-fixing 
bacteria, more specifically free living N-fixing bacteria colonizing decomposing woody 
roots (Wei and Kimmins, 1998; Chen and Hicks, 2003) and soil crusts may play an 
important role in N replenishment following a disturbance.  In N limited ecosystems, 
more carbon is allocated to roots and a great deal of biomass and nutrients are stored 
belowground, so woody roots could be a significant carbon source for N-fixing bacteria 
(Wei and Kimmins, 1998).  It is not clear what effects restoration treatments might have 
on free living N-fixing organisms in western Montana, and Lubrecht Experimental Forest 
 58 
provides an ideal environment to examine the effects of fire and fire surrogates (timber 
harvesting) on N inputs into these ecosystems.   
The purpose of this research was to investigate how fuel management affects free 
living N fixing bacteria colonizing decaying roots, surrounding soil and soil crusts.  The 
specific objectives of the research were to determine: (1) How selection harvest, 
prescribed fire, and lack of fire influence the ability of free living N-fixing bacteria in 
decaying roots, soil, and soil crusts; (2) The approximate N contribution of these 
organisms to the ecosystems; (3) Management strategies that will enhance the abundance 
and activity of these organisms. 
METHODS AND MATERIALS 
Site Selection and Sampling 
 Fire, Fire Surrogates Study (FFS) 
 The field site is located at the University of Montana’s Lubrecht Experimental 
Forest on fire and Fire Surrogates sites already established through previous research 
(Gundale et. al., 2005 and 2006; Metlen and Fiedler, 2006).  Lubrecht is located in the 
Blackfoot Valley at 47º N and 113º W.  The mean annual air temperature is 7 degrees C 
and the mean annual precipitation is 50 cm, with almost half falling as snow (Nimlos, 
1986).  The sites were located in approximately 100 year old stands of ponderosa pine 
and Douglas-fir.  The Fire, Fire Surrogates study contains 13 sites throughout the nation.  
This was a large scale study set up to examine the effects of restoration treatments on 
wildlife, insects, diseases, nutrient cycling, woody debris, and forest productivity.  The 
study was set up as a randomized block design with three 36 ha blocks.  Each block was 
divided into four, nine hectare units, with each unit receiving a different treatment: a 
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selection harvest, selection harvest with subsequent prescribed fire, a prescribed fire 
without harvest, and a no treatment control (Table 3.1).  Harvesting treatments were 
implemented in the winter of 2000/2001, and burn treatments were implemented in the 
spring of 2002.  Selection harvest treatments reduced stand basal area from 
approximately 22 m
2
 ha
-1
 to 11 m
2
 ha
-1
. Prescribed fires were conducted in May to June 
25, 2002 and resulted in 11% duff consumption and 10% mortality on the burn alone 
treatment plots and 13% duff consumption and 15% mortality on the thin and burn 
treatment plots. A detailed discussion of the nature of these treatments can be found in 
Gundale et al. (2005) and in Metlen and Fiedler (2006).   
Table 3.1: Lubrecht FFS site characteristics* 
Treatment Block Elevation (m)** Aspect (°)** Slope (°)** Soil classification 
Control 1 1319 125 13 Eutric Haplocryalfs 
Control 2 1265 75 5 Typic Dystrocryepts 
Control 3 1253 59 5 Eutric Haplocryalfs 
Burn 1 1350 127 10 Eutric Haplocryalfs 
Burn 2 1289 336 5 Typic Dystrocryepts 
Burn 3 1268 303 5 Eutric Haplocryalfs 
Thin/Burn 1 1363 123 10 Eutric Haplocryalfs 
Thin/Burn 2 1307 11 8 Typic Dystrocryepts 
Thin/Burn 3 1249 263 7 Eutric Haplocryalfs 
Thin 1 1306 138 9 Eutric Haplocryalfs 
Thin 2 1271 3 8 Typic Dystrocryepts 
Thin 3 1262 98 8 Eutric Haplocryalfs 
*data from Gundale et al. (2005, 2006) and Metlen et al. (2006) 
**Means from 10 plots  
 
Within each unit, there were 36 reference points established and 10 of these were 
randomly selected as permanent Whitaker plots.  From these 10, five were chosen 
randomly for this study.  In the summer of 2005, at each Whitaker plot within the burn 
and control treatments, a dead tree just outside the Whitaker plot, nearest to the west 
corner of blocks two and three and the southeast corner of block one was selected.  Then 
two decaying root samples were collected by digging a trench along a main root and then 
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sawing the smaller root parts off.  At each Whitaker plot within the thin and thin/burn 
treatments, a stump was selected as discussed above and two decaying root samples were 
collected for a total of five samples per unit, 20 samples per block, for a total of 60 
samples (n=3).  Only large woody roots (>2mm diameter) were collected as these have 
been identified as harboring the highest rates of N-fixation (Chen and Hicks, 2003).  
Composite soil samples were also collected with a soil probe at each dead tree or stump.  
The O horizon material was removed before collecting soil and a total of five subsamples 
from each plot were composited.  If sites were too rocky, a trowel was used to collect 
soil; in these situations only three subsamples were collected.  One subsample was 
always collected from the area surrounding the root.  Surface cores containing mosses or 
lichens were also collected from each Whitaker plot using a corer with a 5 cm diameter 
(20.1 cm
2
) opening.  When moss or lichen was not found on the mineral soil surface, soil 
cores were collected.  Roots, soil, and cores were transported to the lab.  The roots and 
cores were stored at 25 degrees C and soil was analyzed immediately.   
In the spring of 2006, composite soil samples were collected again as described 
above from the same Whitaker plot as in 2005.  These samples were taken in order to 
measure N-fixation following spring snowmelt, because N-fixation is thought to be 
closely coupled with moisture content (Fisher and Binkley, 2000).   
Laboratory Analysis 
 Soil Analysis 
 Gravimetric moisture content was determined on all soil samples by drying the 
sample for 24 hours at 105 
o
C.   Soils collected were measured for extractable inorganic 
N and PMN. To determine extractable inorganic N content, thirty grams of fresh sample 
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was placed into French square bottles with 50 ml of 2 M KCl, the suspension shaken for 
30 minutes, and then filtered through Whatman # 2 filter papers.  The filtrates were then 
analyzed for NO3
- 
-N and NH4
+
-N (Mulvaney, 1996) by using an Autoanalyzer III (Bran 
Luebbe, Chicago, IL).   Ammonium N was determined using the salicilate-nitroprusside 
method and NO3
-
-N was determined by using the cadmium reduction method (Keeney, 
1982).  All fresh mineral soil samples were analyzed for PMN using the 14 day anaerobic 
incubation procedure (Bundy and Meisinger, 1996) where soil was analyzed for 
extractable NH4
+
 -N as described above, and a second 5 g sample was placed into 12.5 ml 
of distilled water, and a stream of N2 gas bubbled through the suspension for 1 minute.  
The sample was then placed in a constant temperature chamber at 25
o
C for 14 days after 
which 12.5 ml of 4 M KCl was added to the aqueous suspension to create a 2 M KCl 
extractant, shaken for 30 minutes and analyzed for NH4
+
 -N as described above.  Soil 
PMN is then estimated as the NH4
+
 -N content at time 14 days minus that at time zero.  
The benefit of this method is that there is no moisture limitation or excess to interfere 
with the incubation process. However, a limitation is that there is no nitrification step and 
anaerobic mineralization may be far less efficient as compared to aerobic incubation. 
 Nitrogen-fixation Analysis 
Nitrogen-fixation rates were estimated on fresh soil samples, cores and root 
samples using a calibrated acetylene reduction technique (Schollhorn and Burris, 1967).  
Two grams of soil was sieved and placed into a 23 ml glass culture tube, wetted, and 
fitted with a septum.  Whole cores were also placed in 23 ml glass culture tubes.  Roots 
were placed into 500 ml or 1L ball jars and septa were placed in the jar lids. Then 10% of 
the total headspace was evacuated and replaced with reagent grade acetylene and placed 
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in a constant temperature chamber set at 26º C.  Tubes and jars were incubated for 24 
hours and were then analyzed for total ethylene production by removing 1 ml of 
headspace gas and injecting it into a gas chromatograph (GC) equipped with a flame 
ionization detector (SRI Instruments, Torrence, CA) and a porapak T column (Weaver 
and Danso, 1994). Soil, core and root samples were also incubated without acetylene 
additions in order to account for natural ethylene production.  Nitrogen-fixation rates 
were also measured from soil collected in 2006 and incubated in the greenhouse for 24 
hours in order to determine if cyanobacteria were fixing N in the mineral soil.  Tubes 
containing cores were incubated in the greenhouse for 24 hours in order to replicate 
natural light conditions as cyanobacteria are likely fixing N at the soil surface.   
Acetylene reduction rates were calibrated using 
15 
N2 gas (DeLuca et al., 2002) on 
a subset of soil and root samples that displayed high rates of acetylene reduction. Soil and 
wood samples were placed into 23 mL tubes or ball jars as described above.  10% of the 
headspace was removed and replaced with acetylene.  Samples were then incubated for 
24 hours at 25
o
C, after which ethylene concentrations were measured as described above.  
Acetylene was then allowed to escape from the tubes.  The tubes were then recapped and 
10% of the head space was removed and replaced with N2 gas enriched at 98% 
15
N2.  
Control tubes containing no soil or woody materials were tested for actual content and 
15
N2 enrichment.  The samples were then dried at 60
o
C, ground in a ball mill and 
analyzed for 
15
N enrichment using a continuous flow combustion analyzer and isotopes 
ratio mass spectrometer.  This calibration was done in order to obtain a conversion ratio 
between acetylene reduced and N-fixed as this ratio can range widely depending on 
location and substrates.  A previously established conversion ratio of 3:1 was used for the 
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cores (DeLuca et al., 2002; Matzek and Vitousek, 2003).  Soil and root N-fixation rates 
were scaled up to kg ha
-1
 yr
-1
 based on 200 days of activity throughout the year in this 
area.  We established a molar ratio of acetylene reduced to N fixed of 4.4:1 for woody 
roots.  This was extremely close to the 4.5:1 conversion ratio for woody roots recently 
published by Chen and Hicks (2003) and similar to ratios used in several other studies 
(Jurgensen et al., 1992; Vitousek and Hobbie, 2000; Hicks et al., 2003).   The conversion 
ratio for mineral soil was somewhat lower (2.1:1), but still within the range of ratios used 
and close to the theoretical ratio of 3:1 (Hardy et al., 1968).  The diameter at breast height 
(DBH) of all dead trees within the FFS sites at Lubrecht Experimental Forest were 
previously measured (Metlen and Fiedler, 2006) and large root biomass was estimated 
from DBH (Omdal and Jacobi, 2001) in order to scale N-fixation rates to kilograms ha
-1
. 
Statistical Analyses 
 All statistical analyses were done using SPSS 10.0.  All data sets were tested for 
homogeneity of variances and normality of distribution.  Nitrate data were non-normally 
distributed, so that data set was transformed by square root transformation and analyzed.  
Data reported here was back transformed.  Ammonium data was not distributed normally 
due to an extreme outlier, but this outlier was removed from the data set to achieve 
normality based on the assumption that the soil sample was taken from an area that may 
have had an excess amount of urine.    Normality could not be obtained on core data; 
therefore, this data was analyzed using non parametric Mann-Whitney U and Kruskal 
Wallace tests.  Because the study site was set up as a randomized block design, a blocked 
Analysis of Variance (ANOVA) was performed to determine if there was a block effect, 
but none was found.  Since no block effect was found, the data was analyzed using a one-
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way ANOVA and LSD tests were performed where necessary to determine significant 
differences.  Student’s t-tests were used to compare N-fixation rates between roots and 
soil and rates between years. Uncorrected Pearson correlations were performed to 
examine the relationship between N-fixation rates and other variables.  Statistical 
significance was determined at alpha of <0.01 or <0.05. 
RESULTS AND DISCUSSION 
Soil Nitrogen 
 Available N and PMN in mineral soil were not significantly different between 
treatments in 2005 or 2006 (Figure 3.1).  Generally differences in available inorganic N 
are observed 1-3 years following fire or a combination of harvesting and fire (DeLuca 
and Zouhar, 2000; Smithwick et al., 2005).  Similar to previous findings, selection 
harvest alone led to no significant changes in available N in the mineral soil (DeLuca and 
Zouhar 2000; Johnson and Curtis, 2001).  At these same study sites Gundale et al. (2005) 
found three years following harvesting and fire treatments, NH4
+
 levels were still greater 
in burn/thin treatments compared to the control, but NO3
-
 levels were not significantly 
different three years following treatment. Four years following treatment these 
differences were not seen in available inorganic N between treatments (Figure 3.1a).  
Differences in available N between 2005 and 2006 will be discussed in the N-fixation 
section. 
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Figure 3.1:  a) Available N (NH4
+
 and NO3
-
) and b) PMN across treatments and years in 
mineral soil samples collected from forest restoration plots in western Montana, one-way 
ANOVA, * significant at p< 0.05 and ** significant at p < 0.01, error bars represent 
standard error. 
 
Nitrogen fixation 
Mineral soil and woody roots  
 Nitrogen-fixation rates did not differ between treatments in woody roots or 
mineral soil in August 2005 (Figure 3.2).   Nitrogen-fixation rates measured in mineral 
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soil collected in May 2006 were not significantly different between treatments six years 
after treatment (Figure 3.3).  These findings are similar to those of Wei and Kimmins 
(1998) who found no differences in N-fixation rates between sites killed by wildfire and 
harvested sites in any substrate including mineral soil and woody roots.  On the other 
hand, in another study conducted in western Montana in which Jurgensen et al. (1992) 
found that six years following timber harvesting or burning, free living N-fixation rates in 
the mineral soil were 1-2 kg N ha
-1
 yr
-1
 less than rates in the control stands. 
Nitrogen-fixation rates were significantly greater (p=0.0001) in soil incubated in a 
dark environment compared to soil incubated in a greenhouse (Figure 3.4), indicating 
heterotrophic N-fixing bacteria may be fixing more N than autotrophic N-fixing bacteria 
at Lubrecht Experimental Forest.  Gundale et al. (2005) found that three years following 
treatments at the FFS sites at Lubrecht, there were no significant differences in area of 
bare mineral soil between treatments.  Regeneration of the forest floor created a less ideal 
environment for photo-autotrophic N-fixing bacteria colonizing soil surfaces.   
a.        b. 
 
Figure 3.2: Nitrogenase activity in a) woody roots and b) mineral soil at Lubrecht 
Experimental Forest in August 2005 in restoration treatment plots in western Montana, 
one-way ANOVA, ns, error bars represent standard error, n=3. 
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Figure 3.3: Nitrogenase activity in mineral soil from light and dark incubations 
combined for soils collected from forest restoration research plots in western Montana, 
one-way ANOVA, ns, n=3, error bars represent standard error. 
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Figure 3.4: Nitrogenase acitivity (nmol AR g
-1
 d
-1
) in mineral soils collected from forest 
restoration research plots in western Montana, soils were incubated in the light 
(greenhouse) and dark, Student’s t-test, a and b represent significant differences at p < 
0.05, n=4, error bars represent standard error. 
 
 Because free living N-fixing bacteria rely on organic matter in mineral soil as a 
source of carbon, harvesting and burning would be expected to decrease N-fixation rates 
in mineral soil (Jurgensen et al., 1997).  Since plants in N limited ecosystems tend to 
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store nutrients and biomass below ground (Wei and Kimmins, 1998), woody roots could 
serve as a major carbon source for free living N-fixing bacteria following harvesting and 
burning treatments.  This was not supported by our findings wherein little measurable N 
fixation was recorded in any dead root tissue.  The prescribed fires performed at the sites 
at Lubrecht Experimental Forest varied widely in intensity because of the large scale of 
the treatments (Gundale et al., 2005) and the heterogeneity of fuels and burning patterns.  
More samples may have been taken from unburned patches in the thin/burn and burn 
treatments or the large standard error could have resulted from the patchiness of the fire, 
leading to results similar to the thin and control treatments.  
 Similar to the Chronosequence sites from Chapter 2, free living N-fixation rates in 
mineral soil were significantly greater than rates in decomposing woody roots (Figure 
3.5).  This result was unexpected as Wei and Kimmins (1998) found significantly greater 
rates of free living N-fixation associated with woody roots in wildfire killed and 
harvested lodgepole pine stands than mineral soil and coarse woody debris.  Chen and 
Hicks (2003) found extremely high rates of free living N-fixation, 30 nmol AR g
-1
 d
-1
, 
associated with decomposing woody roots in old growth stands in Oregon.  The C:N ratio 
in roots should be more favorable to heterotrophic N-fixing bacteria than the C:N ratio in 
soils, however, other factors including the possibility of C:P ratios of 3000:1 (Alban and 
Pastor, 1993; Chen et al., 2001), may inhibit activity associated with woody roots.  Free 
living N-fixation has been found to decrease with increasing P limitations (Chapin et al., 
1991; Pearson and Vitousek, 2002; Uliassi and Ruess, 2002).  The discrepancy between 
the findings reported here and previous studies could also be partially a function of the 
dry seasonal conditions in Montana.  Although woody roots were moistened prior to 
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analysis, the dry conditions that exist in the field may maintain a low population of 
heterotrophic N fixing bacteria.  Crawford et al. (1997) reported that the highest numbers 
of N-fixing bacteria are living in the soil further supporting the results that N-fixation 
rates were greater in soils than roots.  Nitrogen-fixing bacteria could be present on woody 
roots and may not be fixing N because the conditions are not favorable (Hendrickson, 
1991).  More research is necessary to determine which N-fixing bacteria species are 
colonizing woody roots and their abundance. 
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Figure 3.5: Nitrogenase acitivty (nmol AR g
-1
 d
-1
) in dead roots vs. mineral soil at 
Lubrecht Experimental Forest in August of 2005 in western Montana, Student’s t-test, p 
< 0.01, n=4, error bars represent standard error. 
  
 Nitrogen-fixation in 2005 versus 2006 
 Nitrogen-fixation rates were significantly greater in mineral soils collected in 
August 2005 compared to fixation rates in mineral soils collected in May 2006 (Figure 
3.6).  This result was unexpected because the samples from May were collected 
following snowmelt and soil moisture content was significantly greater than in August 
(Figure 3.7).   Most research demonstrates that free living N-fixation rates tend to be 
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greater with greater moisture availability (Jurgensen et al., 1992; Crawford et al., 1997; 
Wei and Kimmins, 1998; Fisher and Binkley, 2000; Chen and Hicks, 2003). 
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Figure 3.6: Nitrogenase activity (nmol AR g
-1
 d
-1
) in mineral soil from restoration 
research plots in western Montana in August of 2005 versus May of 2006, Student’s t-
test, a and b represent significant differences at p<0.01, n=4, error bars represent standard 
error. 
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Figure 3.7: Moisture content as percent dry mass of mineral soil from restoration 
research plots in western Montana collected in the late summer of 2005 versus spring 
2006.  Significant at p<0.01, n=3, error bars are standard error, Student’s t-test.  Bars 
marked by a and b significantly different.  
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Nitrogen-fixation rates have also been shown to closely correlate with available 
inorganic N concentrations in mineral soil (Hobbs and Schimel, 1984; Kitoh and Shiomi, 
1991; Zackrisson et al., 2004).  Available N levels were consistently greater in May 2006 
than in August 2005 (Figure 3.1a; Table 3.2), indicating that inorganic N availability may 
be a driving force in shifts in free living N-fixation in mineral soil in these ecosystems 
and not moisture availability or forest management.  Soil N-fixation rates in 2005 and 
2006 correlated significantly with available N levels across all sites (Figure 1.8).  
Gundale et al. (2006) found that following restoration treatments, N spatial heterogeneity 
increases compared to the control, this could account for some of the variability in N-
fixation rates by creating patches with decreased available N, possibly increasing free 
living N-fixation rates locally.  The soil may also be saturated following snowmelt in 
May creating anaerobic conditions, which have been shown to decrease N-fixation rates 
(Silvester et al., 1982).  Although moisture content was not directly correlated with N-
fixation rates in this research, moisture content, along with available N may both 
influence free living N-fixation in these ecosystems.  
Available N was not correlated with N-fixation rates associated with woody roots; 
therefore, another factor may be limiting N-fixation in woody roots in western Montana 
ponderosa pine/Douglas-fir forest ecosystems.  These ecosystems are dry, receiving only 
44 cm of precipitation a year (DeLuca and Zouhar, 2000), which may account for the low 
rates of N-fixation associated with woody roots.  Chen and Hicks (2003) found much 
higher rates of N-fixation in western Oregon where precipitation is more than four times 
greater than in western Montana.  Wei and Kimmins (1998) reported rates of 0.8 kg N ha
-
1
 yr
-1
 in interior British Colombia where precipitation averages 46 cm per year.     
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Table 3.2: Available N (NH4
+
 and NO3
-
) in mineral soil from restoration 
treatments in western Montana in August 2005 vs. May 2006 (µg g
-1
) 
  2005   2006     
Control 0.78 ±0.12 1.63 ±0.14 * 
Burn 0.78 ±0.09 1.40 ±0.12 ** 
Thin/Burn 0.89 ±0.1 1.39 ±0.37   
Thin  0.88 ±0.13 1.58 ±0.17 * 
* p<0.05      
**p<0.01      
 
      
r = -0.498
p < 0.05
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Figure 3.8: Available inorganic N (NH4
+
-N and NO3
-
-N) versus nitrogenase activity 
(nmol AR g
-1
 d
-1
) in mineral soil from restoration treatments in western Montana at 
Lubrecht Experimental Forest (values are from soil collected in 2005 and 2006), 
Uncorrected Pearson correlation, significant at p<0.05. 
 
  
 Soil crusts 
Nitrogen-fixation rates in soil crusts in all treatments differed significantly from 
the control but only at p < 0.10 level (p=0.092), and fixation rates did not differ 
significantly among other treatments (Figure 3.9).  Soil crusts were either dominated by 
lichens or mosses.  Lesica et al. (1991) reported that N-fixing lichens tend to favor old 
growth unmanaged forests over managed forests; whereas, mosses are found in both 
managed second growth and unmanaged old growth forests in western Montana.  The 
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control plots in this research have not experienced disturbance in over 100 years.  
Nitrogen-fixation rates associated with lichens were significantly greater than rates 
associated with mosses at Lubrecht (Figure 3.10).  Lichens inhabiting undisturbed stands 
in western Montana may associate more with N-fixing cyanobacteria than mosses in 
these same stands.  Nitrogen fixation in cyanobacteria in feather mosses have also been 
found to increase significantly with time since fire (Zackrisson et al., 2004), which may 
be a function of reduced available N within the stand with time (DeLuca et al., 2007). 
Nitrogen-fixing bacteria may be more abundant immediately following fire on bare soil, 
but these stands were sampled four years following fire and the forest floor had 
regenerated, so we may have sampled during the time after N-fixing mosses contribute a 
significant amount of N to the ecosystem.  Wei and Kimmins (1998) reported high rates 
of N-fixation in lichen and algae on soil surfaces following wildfire and harvesting in 
interior British Colombia.  A more in depth look at soil crusts immediately following fire 
is necessary to determine their full impact on N inputs and cycling. 
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Figure 3.9: Nitrogenase activity in soil crusts collected from forest restoration treatments 
in western Montana across treatments, Kruskal Wallace nonparemtric test, p<0.1 or 
p=0.092, error bars represent standard error, n=3. 
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Figure 3.10: Nitrogenase activity in lichen dominated crusts versus moss dominated 
crusts collected from forest restoration research plots in western Montana, Mann 
Whitney-U nonparamentric tests, a and b designate significant differences at p<0.01, 
error bars represent standard error. 
 
Ecosystem significance 
 The ecosystem significance of free living N-fixing bacteria at Lubrecht 
Experimental Forest was variable depending on the substrate.  Fixation rates in ponderosa 
pine/Douglas-fir forests in the mineral soil were about 0.26 kg N ha
-1
 yr
-1
 and about 
0.0001 kg N ha
-1
 yr
-1
 in decomposing woody roots.  Mineral soil N-fixation rates were 
less than rates previously found in the inland Northwest of 0.8 kg N ha
-1
 yr
-1
 (Jurgensen 
et al., 1992), but these were found in old growth forests in which more organic matter 
may be available in the mineral soil, creating a more ideal environment for free living N-
fixing organisms. Assuming about one percent cover of mosses and lichens in these 
ecosystems (Lesica et al., 1991), soil crusts are not contributing significant amounts of N 
to the total N pool at an ecosystem level (0.001 kg N ha
-1
 yr
-1
), but because of 
individually high rates of nitrogenase activity found, soil crusts could contribute a 
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significant amount of N in local patches.  Although this is a small amount of N, these 
levels combined with the contribution of leguminous and actinorhizal plants would likely 
be sufficient to replenish N lost in these ecosystem during fire, harvesting or a 
combination of both over a 40 to 100 year period, but this ability is dependent on fire 
intensity and harvesting method.  N losses following whole-tree harvest have been 
estimated at about 100 kg N ha
-1
 and from fire alone at about 150 kg N ha
-1
 in lodgepole 
pine stands in interior British Colombia (Wei et al., 1997), but these values can vary 
widely and N losses from fire in coniferous forests average about 230 kg N ha
-1
 (Wan et 
al., 2001). 
 Low rates of N-fixation associated with woody roots and mineral soil at Lubrecht 
Experimental Forest could be due to a few factors.  One factor could be nutrient 
limitations.  Phosphorus limitations were already discussed, but Mo limitations could also 
inhibit N-fixation (Silvester, 1989).  Degree of decay has also been found to relate to N-
fixation in woody materials, with N-fixation rates greatest at intermediate to late decay 
stages (Hicks et al., 2003; Wei and Kimmins, 1998).  Because decomposing woody roots 
were collected at Lubrecht Experimental Forest four years following disturbance, the 
roots would be classified in early decay stages (Wei and Kimmins, 1998), so lower rates 
of N-fixation would be expected.  Finally symbiotic N-fixation rates have been shown to 
relate to soil texture (LaJeunesse et al., 2006).  The sandy soils at Lubrecht may contain 
less organic matter than a soil containing more clay; therefore, these soils may be a less 
hospitable environment for N-fixing organisms. 
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CONCLUSION 
 Restoration treatments did not significantly affect heterotrophic free living N-
fixation rates four years after they were implemented at Lubrecht Experimental Forest.  
Measuring N-fixation rates immediately following treatments may be an important step 
in determining the significance of free living N-fixation following disturbance in these 
ecosystems.  Nitrogen-fixation rates may plateau shortly after fire and we may have 
missed the differences in treatments because of sampling times.  Treatments did affect 
photoautotrophic N-fixing bacteria in symbiosis with lichens and moss on the soil 
surface, with N-fixation rates greater in the control treatment.  Restoration treatments 
may negatively affect the ability of N-fixing organisms associated with lichens and 
mosses because treatments may decrease lichen and moss cover; therefore, negatively 
impacting the overall ecosystem as lichens and mosses could serve as a food source for 
other organisms and increase diversity in an ecosystem, but a more in depth analysis is 
necessary to determine what types of mosses and lichens may be present following 
treatments.     
Although N-fixation rates found in decomposing woody roots in ponderosa 
pine/Douglas-fir forests of western Montana are not nearly as high as rates in similar 
substrates in Oregon (Chen and Hicks, 2003), they still serve to replenish N along with 
other sources of free living N-fixation to the overall N cycle in these ecosystems.   
The low rates of free living N-fixation associated with decomposing woody roots are 
most likely due to the climate in western Montana ponderosa pine/Douglas-fir forests, 
nutrient limitations, or lack of N-fixing bacterial populations.  A comparison of acetylene 
reduction rates in roots at different points throughout the year would be helpful in 
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determining the full effect of moisture limitations on N-fixation.  Anaerobic conditions in 
the spring could have resulted in lower fixation rates in mineral soil, but it was more 
likely due to increases in available N following snowmelt.  Soil crusts do not contribute a 
significant amount of N through N-fixation to the ecosystem as a whole, but may create 
local environments rich in N.   
Assuming N contribution from all sources is only about 6.5 kg N ha
-1
 yr
-1
 in these 
ecosystems and harvesting removes about 350 kg N ha
-1
 every 50 to 100 years, the N 
requirements of these ecosystems (30 kg N ha
-1
 yr
-1
) cannot be met by these sources 
alone.  When these N dynamics are scaled based upon the time between harvests (50-100 
years) the long term implications on the N balance of the ecosystem are even more 
dramatic.  More specifically, according to our data if harvesting occurs every 50 years 
there should not be enough N in the ecosystem to regenerate the forest ecosystem.  
All possible sources of free living N-fixation have not been explored in these 
ecosystems and in order to fully understand N cycling and N inputs in forest management 
and ecologically, other sources of free living N-fixation should be considered in greater 
detail.  Some epiphytic lichens fix N and N-fixing bacteria have been found on leaves and 
buds of Douglas-fir trees (Dawson et al., 1983).  As forest managers increase the use of 
prescribed fire and thinning in ponderosa pine forests to return the ecosystem to historic 
fire return intervals and conditions, they must consider the impacts these management 
techniques may have on N replenishment following treatments.  As free living N-fixing 
bacteria most likely do not fix enough N to replenish an ecosystem N pool, discovering a 
way to increase diversity and abundance of symbiotic N-fixing plant species may be an 
important goal in order to keep these ecosystems healthy and productive.  
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SUMMARY 
 Nitrogen fixation rates in mineral soil and decomposing woody roots in western 
Montana ponderosa pine/Douglas-fir ecosystems were much lower than rates found in 
similar substrates in Oregon and in interior British Colombia.  Many factors could be 
contributing to these differences: geology; climate; available N; temperature; soil type; 
available carbon; or colonizing bacteria.  Neither time since fire or restoration treatments 
had significant affects on free living N-fixation rates in woody roots, mineral soil or soil 
crusts in western Montana.  Moisture and available N may be the main limiting factors 
decreasing free living N fixation rates in low elevation dry ponderosa pine/Douglas-fir 
ecosystems in western Montana.  Free living N-fixation rates associated with mineral soil 
in these ecosystems were significantly greater than rates associated with decomposing 
woody roots. 
 Free living N-fixing bacteria are fairly inactive in western Montana ponderosa 
pine/Douglas-fir ecosystems.  Nitrogen fixing bacteria colonizing mineral soil in these 
forests are fixing between 0.3 and 0.7 kg N ha
-1
 yr
-1
, bacteria colonizing decomposing 
woody roots are fixing 0.0001 kg N ha
-1
 yr
-1
, and bacteria colonizing soil crusts are fixing 
0.001 kg N ha
-1
 yr
-1
.  Chen and Hicks (2003) estimated that N recovery following 
disturbance in ponderosa pine ecosystems in Oregon would be between 80 and 120 years 
in decomposing woody roots, but using estimates of less than 1 kg N ha
-1
 yr
-1
 in western 
Montana ponderosa pine/Douglas-fir ecosystems, N recovery following disturbance 
could take between 230 and 500 years.  
 Although symbiotic N-fixing plant species are not abundant in western Montana 
ecosystems, they may be a larger contributor of N to the ecosystem, because free living 
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N-fixing bacteria are contributing less than 1 kg N ha
-1
 yr
-1
.  In unmanaged forests in 
wilderness sites in western Montana, Keeling et al. (2006) found that N-fixing plant 
cover was extremely low (Figure 1.3).  In historically managed forests in western 
Montana, we found that cover of N-fixing plants was also low (Figure 1.1), but greater 
than in unmanaged stands and finally Metlen and Fiedler (2006) found that in recently 
managed forests, cover of N-fixing plant species was greatest compared to unmanaged 
and historically managed forests (Figure 1.4).  Also, interestingly, the greatest percent 
cover of N-fixing plant species at these three forest stands, occurred in the recently 
thinned stands (Figure 1.4).  If we assume that with 100% cover of N-fixing plant species 
in these ecosystems, the N contribution would be 200 kg N ha
-1
 yr
-1
, then N-fixing plant 
species colonizing unmanaged wilderness sites would be 0.03 kg N ha
-1
 yr
-1
, in 
historically managed sites 0.8 kg N ha
-1
 yr
-1
, and in recently managed sites almost 2 kg N 
ha
-1
 yr
-1
.  Increased management may lead to increased N losses in these ecosystems, 
encouraging N-fixing plant species colonization at these sites.  Fire itself may not have 
this direct effect.   
 Because free living N-fixation rates are extremely low in these ecosystems, and 
the percent cover of N-fixing plant species is also low, the question of how N is 
replenished in these ecosystems following disturbances remains.  It is unclear whether or 
not these low fixation rates are a function of increased N deposition throughout the west, 
historical land management, or some other unknown factor.  If fire is reintroduced into 
these ecosystems, and fire suppression is lessened, the affects are unknown on N-fixation 
in these ecosystems.  A decline in productivity may occur due to increased N loss 
following disturbances, but ultimately these ecosystems may have greater N-fixation due 
 85 
to an increase in symbiotic N-fixing plants.  Forest managers may increase N-fixation 
rates and therefore increase N in ponderosa pine/Douglas-fir ecosystems in western 
Montana, by encouraging N-fixing plant species recolonization by opening sites through 
thinning operations.  More thoroughly examining fire as a restoration management tool 
would be necessary to determine if fire could also be an effective treatment to encourage 
N fixation in these ecosystems. 
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APPENDIX 1. GREENHOUSE EXPERIMENT EXAMINING NITROGEN FIXATION RATES IN 
DIFFERENT SUBSTRATES. 
 
METHODS AND MATERIALS 
 Eight fresh roots, eight dead roots (middle decay class) and eight highly 
decomposed roots were collected from a site in the Bitterroot Mountain Range in western 
Montana.  The site last burned in 1996 and was dominated by ponderosa pine and 
Douglas-fir and was part of a larger chronosequence study (MacKenzie et al., 2004, 
2006).  Bulk mineral soil samples (0-10cm) were also collected.  All samples were 
transported to the lab and processed. 
 A greenhouse experiment was set up to incubate the root samples.  Each sample 
was placed in a decomposition bag and buried in a mixture of soil and sand in a 1 L 
planting pot.  Two tongue depressors were used as the control for this study.  Samples 
were set up randomly in the greenhouse in order to avoid a light or temperature effect.  
Grass seedlings were planted in the soil to take up excess nitrogen.  A total of 32 samples 
(n=8) were set up.  Samples were watered three times a week.  After four months, 
samples were removed and free living N-fixation rates were measured on wood and 
mineral soils using the acetylene reduction technique described previously (Chapter 2 and 
3).  Available N and pontentially mineralizable N were measured on mineral soil samples 
following the incubation period as described in both Chapter 2 and 3.  Data were 
analyzed using Mann-Whitney U tests or Student’s T-test in SPSS 10.0. 
RESULTS 
 Nitrogen fixation rates were not significantly different from the control in any of 
the substrates or in the soil incubated in the greenhouse (Figure A.1).  After incubation, 
fresh roots fixed similar amounts of N compared to roots decomposing for an extended 
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period of time.  This was a little unexpected as Hicks et al. (2003) found that N-fixation 
rates associated with coarse woody debris were greatest in middle decay stages.  Fresh 
roots could also be a source of N previously unexplored in ponderosa pine/Douglas-fir 
forests.  But small sample size may have created greater error in these samples and a 
larger experiment should be performed to examine the relationship between decay stages 
and free living N-fixation rates. 
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Figure A.1: Nitrogenase activity (nmol AR g
-1
 d
-1
) in a)woody materials and b) soil from 
greenhouse incubation, one way ANOVA, ns, n=8, error bars are standard error. 
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 Nitrogen fixation rates in soils in the greenhouse were significantly greater than 
rates associated with woody roots (Figure A.2).  Similar to results from both Chapter 2 
and Chapter 3, N-fixation rates in mineral soil were generally greater than in 
decomposing woody roots.  Nitrogen fixation rates did not correlate with available N or 
PMN in mineral soil or in woody root samples. 
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Figure A.2: Nitrogenase activity rates between soils and woody root samples in the 
greenhouse experiment, Student’s t-test, a and b indicate significant differences (p<0.05), 
n=4, error bars represent standard error. 
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